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Abstract 
Geopolymers are a green alternative to portland cement (PC) due to the potential for a 
lower carbon footprint. Geopolymers possess many of the same properties as PC 
concrete, but differences in their unique chemistry could allow for use in specialized 
applications. This research investigated the effect of glass composition on the static 
leaching properties, compressive strength, and microstructure of waste glass-based 
geopolymers. Waste glass possesses high concentrations of amorphous silica; however, a 
lack of alumina and a high alkali content has been shown to result in moisture instability. 
100% glass-based mortars were made to investigate the leaching properties of these 
geopolymers. Glasses with a lower Na/Al molar ratio showed reduced alkali leaching 
with minimal strength loss. Supplemental alumina, calcia, and sodium silicate sources 
were introduced into the mixtures to mitigate leaching and improve strength. Mixtures 
with a Na/Al ~ 2 leached out less Na+ and had a lower strength loss. 
 
  v 
Table of Contents 
List of Tables ....................................................................................................................... i 
List of Figures .................................................................................................................... iv 
1 Introduction ................................................................................................................. 1 
1.1 Motivation ........................................................................................................... 1 
1.2 Project Goals ....................................................................................................... 3 
1.3 Thesis Organization ............................................................................................ 5 
2 Literature Review........................................................................................................ 6 
2.1 Geopolymer Cement Concrete ............................................................................ 6 
2.1.1 Classification............................................................................................... 7 
2.1.2 History......................................................................................................... 8 
2.1.3 Hydration vs. Geopolymerization ............................................................. 10 
2.2 Geopolymerization ............................................................................................ 11 
2.2.1 Dissolution and Hydrolysis ....................................................................... 12 
2.2.2 Polycondensation ...................................................................................... 14 
2.2.3 Gelation and Reorganization..................................................................... 16 
2.2.4 Hardening .................................................................................................. 17 
2.3 Source Materials ............................................................................................... 17 
2.3.1 Metakaolin ................................................................................................ 20 
2.3.2 Metakaolin in Geopolymers ...................................................................... 22 
2.3.3 Fly Ash ...................................................................................................... 23 
2.3.4 Fly Ash in Geopolymers ........................................................................... 25 
2.3.5 Slag ........................................................................................................... 26 
2.3.6 Slag in Geopolymers ................................................................................. 27 
2.3.7 Glass .......................................................................................................... 28 
2.3.8 Glass in Geopolymers ............................................................................... 30 
2.4 Activator Solution ............................................................................................. 32 
2.5 Mixture Design Stoichiometry .......................................................................... 34 
2.5.1 The role of Al ............................................................................................ 34 
2.5.2 Si/Al .......................................................................................................... 35 
2.5.3 Na/Al ......................................................................................................... 36 
2.6 Significance of Literature Review .................................................................... 37 
  vi 
2.6.1 Glass as a Source Material ........................................................................ 37 
2.6.2 Supplemental Alumina.............................................................................. 41 
2.6.3 Stoichiometry ............................................................................................ 42 
3 Research Plan, Materials, and Methods .................................................................... 43 
3.1 Research Plan - Approach for Each Phase ........................................................ 43 
3.1.1 Phase I: Investigation of Glass-Based Geopolymers ................................ 43 
3.1.2 Phase II: Stoichiometric Design of Glass-Based Geopolymers ................ 44 
3.2 Materials Selection and characterization .......................................................... 45 
3.2.1 Glass .......................................................................................................... 45 
3.2.2 Supplementary Aluminosilicate Sources .................................................. 51 
3.2.3 Activator Solution ..................................................................................... 51 
3.2.4 Sand........................................................................................................... 52 
3.3 Mixture Design and Development .................................................................... 52 
3.3.1 Stoichiometry ............................................................................................ 53 
3.3.1.1 Phase I Stoichiometry ........................................................................... 53 
3.3.1.2 Phase II Stoichiometry .......................................................................... 54 
3.3.2 Mixture Proportioning and Water Content ............................................... 55 
3.3.3 Mixing Procedure...................................................................................... 56 
3.3.3.1 Fresh Properties .................................................................................... 58 
3.3.3.2 Cube Preparation ................................................................................... 59 
3.3.4 Curing and Demolding .............................................................................. 60 
3.4 Leaching Properties .......................................................................................... 61 
3.5 Compressive Strength ....................................................................................... 63 
3.6 Microstructural Characterization ...................................................................... 64 
3.6.1 Secondary electron imaging ...................................................................... 65 
3.6.2 Energy dispersive X-ray spectroscopy...................................................... 66 
4 Results and Discussion ............................................................................................. 67 
4.1 Phase 1: Investigation of Glass-Based Geopolymers ....................................... 67 
4.1.1 Mixture Design ......................................................................................... 68 
4.1.1.1 Stoichiometry ........................................................................................ 69 
4.1.1.2 Fresh Properties .................................................................................... 70 
4.1.2 Static Leaching Analysis........................................................................... 71 
4.1.2.1 pH .......................................................................................................... 72 
  vii 
4.1.2.2 Conductivity .......................................................................................... 74 
4.1.3 Compressive Strength ............................................................................... 76 
4.1.3.1 Dry Samples .......................................................................................... 76 
4.1.3.2 Wet Samples ......................................................................................... 78 
4.1.4 Leachate Analysis ..................................................................................... 80 
4.1.5 Microstructural Characterization .............................................................. 83 
4.1.5.1 Fracture Surface Analysis ..................................................................... 83 
4.1.5.2 Polished Cross-Section Analysis .......................................................... 90 
4.1.5.2.1 D-N ................................................................................................. 90 
4.1.5.2.2 P-N .................................................................................................. 94 
4.1.5.2.3 R-N .................................................................................................. 97 
4.2 Phase 2: Stoichiometric Design of Glass-Based Geopolymers ...................... 100 
4.2.1 Mixture Design ....................................................................................... 101 
4.2.1.1 Stoichiometry ...................................................................................... 102 
4.2.1.2 Fresh Properties .................................................................................. 103 
4.2.2 Static Leaching Analysis......................................................................... 104 
4.2.2.1 pH ........................................................................................................ 104 
4.2.2.2 Conductivity ........................................................................................ 106 
4.2.3 Compressive Strength ............................................................................. 108 
4.2.3.1 Dry Samples ........................................................................................ 108 
4.2.3.2 Wet Samples ....................................................................................... 112 
4.2.4 Leachate Analysis ................................................................................... 114 
4.2.5 Microstructural Characterization ............................................................ 118 
4.2.5.1 Fracture Surface Analysis ................................................................... 119 
4.2.5.1.1 T-N ................................................................................................ 119 
4.2.5.1.2 T25MK-N ..................................................................................... 121 
4.2.5.1.3 T25MK15Ca-N ............................................................................. 123 
4.2.5.1.4 T25MK25Ca-N ............................................................................. 125 
4.2.5.1.5 T-S................................................................................................. 127 
4.2.5.1.6 T25MK-S ...................................................................................... 129 
4.2.5.1.7 T25MK15Ca-S .............................................................................. 131 
4.2.5.2 Polished Cross-Section Analysis ........................................................ 133 
4.2.5.2.1 T25MK-N ..................................................................................... 133 
  viii 
4.2.5.2.2 T25MK15Ca-N ............................................................................. 136 
4.2.5.2.3 T25MK25Ca-N ............................................................................. 139 
4.2.5.2.4 T-S................................................................................................. 142 
4.2.5.2.5 T25MK15Ca-S .............................................................................. 145 
5 Conclusions ............................................................................................................. 148 
5.1 What are the alkali leaching properties of glass-based geopolymers? ........... 149 
5.2 Is there a clear correlation between composition, stoichiometry, and leaching 
properties of glass-based geopolymers? ..................................................................... 150 
5.3 Does using a blend of activators improve the mechanical properties of glass-
based geopolymers? .................................................................................................... 151 
5.4 Does the addition of an alumina source adequately lower the stoichiometric 
ratios of the mixtures to more desirable ranges found in other successful geopolymers 
and does this enhance the mechanical performance? ................................................. 152 
5.5 Glass in Geopolymers ..................................................................................... 153 
5.6 Recommendations for future work ................................................................. 154 
References ....................................................................................................................... 156 
6 Appendix A ............................................................................................................. 163 
6.1 Microanalysis results of Phase 1 ..................................................................... 163 
7 Appendix B ............................................................................................................. 181 
7.1 Microanalysis results of Phase 2 ..................................................................... 181 
  i 
List of Tables 
Table 2.1. Chemical analysis and selected properties of typical metakaolin, fly ash, and 
slag (Kosmatka & Wilson, 2016)...................................................................................... 20 
Table 2.2. Typical composition of common glass types by mass (Shelby, 2005). ........... 29 
Table 2.3. Proposed desired stoichiometric ratios determined from geopolymer research 
(Davidovits, 1979; Duxson, Mallicoat, Lukey, Kriven, & van Deventer, Jannie S J, 2005; 
Duxson, Provis, Lukey, & van Deventer, Jannie S J, 2007; Fernández-Jiménez, Palomo, 
Sobrados, & Sanz, 2006; Rowles & O'Connor, 2003). ..................................................... 34 
Table 2.4. Summary of current glass geopolymer research (Cyr et al., 2012; Lin, Shiu, 
Shie, Cheng, & Hwang, 2012; Christiansen, 2013; Redden & Neithalath, 2014; Puertas & 
Torres-Carrasco, 2014; Ogundiran & Ikotun, 2014) ........................................................ 39 
Table 2.5. Comparison of metakaolin, fly ash, and glass based on important properties of 
a geopolymer source material. A single X represents adequacy and two Xs represent 
substantial (Christiansen, 2013). ....................................................................................... 41 
Table 3.1. Identification of glasses along with location obtained and type of waste stream.
........................................................................................................................................... 46 
Table 3.2. Composition of 17 different glass sources by mass as determined by XRF. ... 49 
Table 3.3. Composition of metakaolin by mass as determined by XRF. .......................... 51 
Table 3.4. Composition of solid activators. ...................................................................... 52 
Table 4.1. Molar ratios calculated using the values measured by XRF of the unreacted 
bulk geopolymer in Phase 1 mixtures. .............................................................................. 69 
Table 4.2. Fresh Properties of the mixtures in Phase 1. .................................................... 71 
Table 4.3. Means and standard deviation for measured molar ratios of D-N samples for 
Phase 1 (Na/Al = 2.04). .................................................................................................... 93 
Table 4.4. Means and standard deviation for measured molar ratios of P-N samples for 
Phase 1 (Na/Al = 3.80). .................................................................................................... 96 
Table 4.5. Means and standard deviation for measured molar ratios of R-N samples for 
Phase 1 (Na/Al = 152.36).................................................................................................. 99 
Table 4.6. Mixture ID for mortars in Phase 2 with percentages of binder given by mass.
......................................................................................................................................... 102 
Table 4.7. Molar ratios of the unreacted bulk geopolymer in Phase 2 mixtures. ........... 102 
Table 4.8. Fresh Properties of the mixtures in Phase 2. .................................................. 103 
Table 4.9. Means and standard deviation for measured molar ratios of T25MK-N samples 
for Phase 2 (Na/Al = 2.90). ............................................................................................. 135 
Table 4.10. Means and standard deviation for measured molar ratios of T25MK15Ca-N 
samples for Phase 2 (Na/Al = 2.68). ............................................................................... 138 
Table 4.11. Means and standard deviation for measured molar ratios of T25MK25Ca-N 
samples for Phase 2 (Na/Al = 2.51). ............................................................................... 141 
  ii 
Table 4.12. Means and standard deviation for measured molar ratios of T-S samples for 
Phase 2 (Na/Al = 25.14). ................................................................................................ 144 
Table 4.13. Means and standard deviation for measured molar ratios of T25MK15Ca-S 
samples for Phase 2 (Na/Al = 2.22). ............................................................................... 147 
Table 6.1. Microanalysis of phases found in dry D-N sample at 7 days. ....................... 163 
Table 6.2. Microanalysis of phases found in dry D-N sample at 28 days. ..................... 164 
Table 6.3. Microanalysis of phases found in dry D-N sample at 56 days. ..................... 165 
Table 6.4. Microanalysis of phases found in wet D-N sample at 7 days. ....................... 166 
Table 6.5. Microanalysis of phases found in wet D-N sample at 28 days. ..................... 167 
Table 6.6. Microanalysis of phases found in wet D-N sample at 56 days. ..................... 168 
Table 6.7. Microanalysis of phases found in dry P-N sample at 7 days. ........................ 169 
Table 6.8. Microanalysis of phases found in dry P-N sample at 28 days. ...................... 170 
Table 6.9. Microanalysis of phases found in dry P-N sample at 56 days. ...................... 171 
Table 6.10. Microanalysis of phases found in wet P-N sample at 7 days. ...................... 172 
Table 6.11. Microanalysis of phases found in wet P-N sample at 28 days. .................... 173 
Table 6.12. Microanalysis of phases found in wet P-N sample at 56 days. .................... 174 
Table 6.13. Microanalysis of phases found in dry R-N sample at 7 days. ...................... 175 
Table 6.14. Microanalysis of phases found in dry R-N sample at 28 days. .................... 176 
Table 6.15. Microanalysis of phases found in dry R-N sample at 56 days. .................... 177 
Table 6.16. Microanalysis of phases found in wet R-N sample at 7 days. ..................... 178 
Table 6.17. Microanalysis of phases found in wet R-N sample at 28 days. ................... 179 
Table 6.18. Microanalysis of phases found in wet R-N sample at 56 days. ................... 180 
Table 7.1. Microanalysis of phases found in dry T25MK-N sample at 7 days. ............. 181 
Table 7.2. Microanalysis of phases found in dry T25MK-N sample at 28 days. ........... 182 
Table 7.3. Microanalysis of phases found in dry T25MK-N sample at 56 days. ........... 183 
Table 7.4. Microanalysis of phases found in wet T25MK-N sample at 7 days. ............. 184 
Table 7.5. Microanalysis of phases found in wet T25MK-N sample at 28 days. ........... 185 
Table 7.6. Microanalysis of phases found in wet T25MK-N sample at 56 days. ........... 186 
Table 7.7. Microanalysis of phases found in dry T25MK-N sample at 7 days. ............. 187 
Table 7.8. Microanalysis of phases found in dry T25MK-N sample at 28 days. ........... 188 
Table 7.9. Microanalysis of phases found in dry T25MK15Ca-N sample at 56 days. ... 189 
Table 7.10. Microanalysis of phases found in wet T25MK15Ca-N sample at 7 days. .. 190 
Table 7.11. Microanalysis of phases found in wet T25MK15Ca-N sample at 28 days. 191 
Table 7.12. Microanalysis of phases found in wet T25MK15Ca-N sample at 56 days. 192 
Table 7.13. Microanalysis of phases found in dry T25MK25Ca-N sample at 7 days. ... 193 
  iii 
Table 7.14. Microanalysis of phases found in dry T25MK25Ca-N sample at 28 days. . 194 
Table 7.15. Microanalysis of phases found in dry T25MK25Ca-N sample at 56 days. . 195 
Table 7.16. Microanalysis of phases found in wet T25MK25Ca-N sample at 7 days. .. 196 
Table 7.17. Microanalysis of phases found in wet T25MK25Ca-N sample at 28 days. 197 
Table 7.18. Microanalysis of phases found in wet T25MK25Ca-N sample at 56 days. 198 
Table 7.19. Microanalysis of phases found in dry T-S sample at 7 days. ...................... 199 
Table 7.20. Microanalysis of phases found in dry T-S sample at 28 days. .................... 200 
Table 7.21. Microanalysis of phases found in dry T-S sample at 56 days. .................... 201 
Table 7.22. Microanalysis of phases found in wet T-S sample at 7 days. ...................... 202 
Table 7.23. Microanalysis of phases found in wet T-S sample at 28 days. .................... 203 
Table 7.24. Microanalysis of phases found in wet T-S sample at 56 days. .................... 204 
Table 7.25. Microanalysis of phases found in dry T25MK15Ca-S sample at 7 days. .... 205 
Table 7.26. Microanalysis of phases found in dry T25MK15Ca-S sample at 28 days. .. 206 
Table 7.27. Microanalysis of phases found in dry T25MK15Ca-S sample at 56 days. .. 207 
Table 7.28. Microanalysis of phases found in wet T25MK15Ca-S sample at 7 days. ... 208 
Table 7.29. Microanalysis of phases found in wet T25MK15Ca-S sample at 28 days. . 209 
Table 7.30. Microanalysis of phases found in wet T25MK15Ca-S sample at 56 days. . 210 
 
  iv 
List of Figures 
Figure 2.1. Recent schematic model of geopolymerization (Shi et al. 2011) ................... 12 
Figure 2.2. Al(OH)4
- and Si(OH)4 tetrahedrons (Christiansen, 2013). ............................. 13 
Figure 2.3. Polycondensation reaction between monomers (Christiansen, 2013). ........... 15 
Figure 2.4. An example of a monomer (top left), dimer (top right), cyclic trimer (bottom 
left) and a trimer (bottom right) (Christiansen, 2013). ..................................................... 16 
Figure 2.5. Ternary diagram of typical composition of geopolymer source materials and 
PC. ..................................................................................................................................... 19 
Figure 2.6. Scanning electron microscope (SEM) micrograph of metakaolin particles 
(Mansour, Said & Abadlia, M & Karim, Bekkour & Messaoudene, Ibrahim, 2010)....... 21 
Figure 2.7. Scanning electron microscope (SEM) micrograph of fly ash particles at 
approximately 1000X........................................................................................................ 24 
Figure 2.8. SEM micrograph of slag particles at approximately 2000X. ......................... 27 
Figure 2.9. SEM micrograph of ground glass particles (Cyr et al., 2012). ....................... 29 
Figure 3.1. Particle size distribution of each glass sample where the red lines indicate the 
minimum and maximum desired distribution. .................................................................. 47 
Figure 3.2. Visual representation of composition of 17 different glass sources by mass as 
determined by XRF. .......................................................................................................... 48 
Figure 3.3. Visual representation of varying composition of five main oxides in glass 
samples. ............................................................................................................................. 50 
Figure 3.4. Apparent efflorescence caused by excess sodium oxide remaining in 
unreacted material. ............................................................................................................ 55 
Figure 3.5. Hobart A-20C mixer. ...................................................................................... 58 
Figure 3.6. Fresh property tests conducted on geopolymer mortars. ................................ 59 
Figure 3.7. Cube molds after the tops were struck flat. .................................................... 60 
Figure 3.8. Curing conditions used to maintain desired curing conditions. ..................... 61 
Figure 3.9. PCSTestr 35 used for measuring pH and conductivity of a solution. ............ 63 
Figure 3.10. Compressive strength testing set up. ............................................................ 64 
Figure 3.11. JEOL JSM-6490LV and the samples placed inside. .................................... 65 
Figure 4.1. Si/Al vs Na/Al for mixtures in Phase 1. ......................................................... 70 
Figure 4.2. Measured pH values of solution samples in Phase 1. ..................................... 73 
Figure 4.3. Measured conductivity values of solution samples in Phase 1....................... 75 
Figure 4.4. Compressive strength profile of dry cured samples in Phase 1. ..................... 77 
Figure 4.5. Comparison of compressive strength for dry and wet cured samples in Phase 
1......................................................................................................................................... 79 
  v 
Figure 4.6. Comparison of compressive strength for dry and wet cured samples of 
selected glasses for Phase 1. ............................................................................................. 80 
Figure 4.7. Na concentration of solution samples of selected glasses for Phase 1 over 
time. .................................................................................................................................. 81 
Figure 4.8. Na concentration in solution compared to wet compressive strength of 
selected glasses for Phase 1. ............................................................................................. 82 
Figure 4.9. Na concentration in solution compared to conductivity of solution of selected 
glasses for Phase 1. ........................................................................................................... 83 
Figure 4.10. Secondary electron imaging of fracture surfaces of B-N glass with dry (left) 
and wet (right) samples (Na/Al = 39.20). ......................................................................... 84 
Figure 4.11. Secondary electron imaging of fracture surfaces of D-N glass with dry (left) 
and wet (right) samples (Na/Al = 2.04). ........................................................................... 85 
Figure 4.12. Secondary electron imaging of fracture surfaces of P-N glass with dry (left) 
and wet (right) samples (Na/Al = 3.80). ........................................................................... 86 
Figure 4.13. Secondary electron imaging of fracture surfaces of R-N glass with dry (left) 
and wet (right) samples (Na/Al = 152.36). ....................................................................... 87 
Figure 4.14. Zeolites formed in air voids of D-N (left) and P-N(right) mixtures at 28 days 
of wet specimens. .............................................................................................................. 89 
Figure 4.15. Crystalline phase found in air void of wet B-N mixture at 7 days. .............. 89 
Figure 4.16. Secondary electron imaging of polished surfaces of D-N glass with dry (left) 
and wet (right) samples (Na/Al = 2.04). ........................................................................... 92 
Figure 4.17. Measured Molar Ratios of D-N samples for Phase 1 (Na/Al = 2.04). ......... 93 
Figure 4.18. Secondary electron imaging of polished surfaces of P-N glass with dry (left) 
and wet (right) samples (Na/Al = 3.80). ........................................................................... 95 
Figure 4.19. Measured Molar Ratios of D-N samples for Phase 1 (Na/Al = 3.80). ......... 96 
Figure 4.20. Secondary electron imaging of polished surfaces of R-N glass with dry (left) 
and wet (right) samples (Na/Al = 152.36). ....................................................................... 98 
Figure 4.21. Measured Molar Ratios of R-N samples for Phase 1 (Na/Al = 152.36). ...... 99 
Figure 4.22. Measured pH values of solution samples in Phase 2. ................................. 105 
Figure 4.23. Measured conductivity values of solution samples in Phase 2................... 107 
Figure 4.24. Compressive strength profile of dry cured samples in Phase 2. ................. 109 
Figure 4.25. Progression of static leaching in dry cured samples in Phase 2. ................ 111 
Figure 4.26. Comparison of compressive strength for dry and wet cured samples in Phase 
2....................................................................................................................................... 113 
Figure 4.27. Na concentration of solution samples of mixtures activated with sodium 
hydroxide for Phase 2. .................................................................................................... 115 
Figure 4.28. Na concentration of solution samples of mixtures activated with a 1:1 ratio 
of sodium hydroxide and sodium silicate for Phase 2. ................................................... 116 
  vi 
Figure 4.29. Na concentration in solution compared to wet compressive strength of 
mixtures in Phase 2. ........................................................................................................ 117 
Figure 4.30. Na concentration in solution compared to conductivity of solution of 
selected glasses for Phase 2. ........................................................................................... 118 
Figure 4.31. Secondary electron imaging of fracture surfaces of T-N glass with dry (left) 
and wet (right) samples (Na/Al = 29.07). ....................................................................... 120 
Figure 4.32. Secondary electron imaging of fracture surfaces of T25MK-N glass with dry 
(left) and wet (right) samples (Na/Al = 2.90). ................................................................ 122 
Figure 4.33. Secondary electron imaging of fracture surfaces of T25MK15Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.68). .................................................. 124 
Figure 4.34. Secondary electron imaging of fracture surfaces of T25MK25Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.51). .................................................. 126 
Figure 4.35. Secondary electron imaging of fracture surfaces of T-S glass with dry (left) 
and wet (right) samples (Na/Al = 25.14). ....................................................................... 128 
Figure 4.36. Secondary electron imaging of fracture surfaces of T25MK-S glass with dry 
(left) and wet (right) samples (Na/Al = 2.46). ................................................................ 130 
Figure 4.37. Secondary electron imaging of fracture surfaces of T25MK15Ca-S glass 
with dry (left) and wet (right) samples (Na/Al = 2.22). .................................................. 132 
Figure 4.38. Secondary electron imaging of polished surfaces of T25MK-N glass with 
dry (left) and wet (right) samples (Na/Al = 2.90). .......................................................... 134 
Figure 4.39. Measured Molar Ratios of T25MK-N samples for Phase 2 (Na/Al = 2.90).
......................................................................................................................................... 135 
Figure 4.40. Secondary electron imaging of polished surfaces of T25MK15Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.68). .................................................. 137 
Figure 4.41. Measured Molar Ratios of T25MK15Ca-N samples for Phase 2............... 138 
Figure 4.42. Secondary electron imaging of polished surfaces of T25MK25Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.51). .................................................. 140 
Figure 4.43. Measured Molar Ratios of T25MK25Ca-N samples for Phase 2............... 141 
Figure 4.44. Secondary electron imaging of polished surfaces of T-S glass with dry (left) 
and wet (right) samples (Na/Al = 25.14). ....................................................................... 143 
Figure 4.45. Measured Molar Ratios of T-S samples for Phase 2 (Na/Al = 25.14). ...... 144 
Figure 4.46. Secondary electron imaging of polished surfaces of T25MK15Ca-S glass 
with dry (left) and wet (right) samples (Na/Al = 2.22). .................................................. 146 
Figure 4.47. Measured Molar Ratios of T25MK15Ca-S samples for Phase 2 ............... 147 
Figure 6.1. Secondary electron image of polished section of dry D-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 163 
Figure 6.2. Secondary electron image of polished section of dry D-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 164 
  vii 
Figure 6.3. Secondary electron image of polished section of dry D-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 165 
Figure 6.4. Secondary electron image of polished section of wet D-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 166 
Figure 6.5. Secondary electron image of polished section of wet D-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 167 
Figure 6.6. Secondary electron image of polished section of wet D-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 168 
Figure 6.7. Secondary electron image of polished section of dry P-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 169 
Figure 6.8. Secondary electron image of polished section of dry P-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 170 
Figure 6.9. Secondary electron image of polished section of dry P-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 171 
Figure 6.10. Secondary electron image of polished section of wet P-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 172 
Figure 6.11. Secondary electron image of polished section of wet P-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 173 
Figure 6.12. Secondary electron image of polished section of wet P-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 174 
Figure 6.13. Secondary electron image of polished section of dry R-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 175 
Figure 6.14. Secondary electron image of polished section of dry R-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 176 
Figure 6.15. Secondary electron image of polished section of dry R-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 177 
Figure 6.16. Secondary electron image of polished section of wet R-N sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 178 
Figure 6.17. Secondary electron image of polished section of wet R-N sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 179 
Figure 6.18. Secondary electron image of polished section of wet R-N sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 180 
Figure 7.1. Secondary electron image of polished section of dry T25MK-N sample at 7 
days, with selected spectrums analyzed for EDS............................................................ 181 
Figure 7.2. Secondary electron image of polished section of dry T25MK-N sample at 28 
days, with selected spectrums analyzed for EDS............................................................ 182 
Figure 7.3. Secondary electron image of polished section of dry T25MK-N sample at 56 
days, with selected spectrums analyzed for EDS............................................................ 183 
  viii 
Figure 7.4. Secondary electron image of polished section of wet T25MK-N sample at 7 
days, with selected spectrums analyzed for EDS............................................................ 184 
Figure 7.5. Secondary electron image of polished section of wet T25MK-N sample at 28 
days, with selected spectrums analyzed for EDS............................................................ 185 
Figure 7.6. Secondary electron image of polished section of wet T25MK-N sample at 56 
days, with selected spectrums analyzed for EDS............................................................ 186 
Figure 7.7. Secondary electron image of polished section of dry T25MK15Ca-N sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 187 
Figure 7.8. Secondary electron image of polished section of dry T25MK15Ca-N sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 188 
Figure 7.9. Secondary electron image of polished section of dry T25MK15Ca-N sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 189 
Figure 7.10. Secondary electron image of polished section of wet T25MK15Ca-N sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 190 
Figure 7.11. Secondary electron image of polished section of wet T25MK15Ca-N sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 191 
Figure 7.12. Secondary electron image of polished section of wet T25MK15Ca-N sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 192 
Figure 7.13. Secondary electron image of polished section of dry T25MK25Ca-N sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 193 
Figure 7.14. Secondary electron image of polished section of dry T25MK25Ca-N sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 194 
Figure 7.15. Secondary electron image of polished section of dry T25MK25Ca-N sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 195 
Figure 7.16. Secondary electron image of polished section of wet T25MK25Ca-N sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 196 
Figure 7.17. Secondary electron image of polished section of wet T25MK25Ca-N sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 197 
Figure 7.18. Secondary electron image of polished section of wet T25MK25Ca-N sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 198 
Figure 7.19. Secondary electron image of polished section of dry T-S sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 199 
Figure 7.20. Secondary electron image of polished section of dry T-S sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 200 
Figure 7.21. Secondary electron image of polished section of dry T-S sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 201 
Figure 7.22. Secondary electron image of polished section of wet T-S sample at 7 days, 
with selected spectrums analyzed for EDS. .................................................................... 202 
  ix 
Figure 7.23. Secondary electron image of polished section of wet T-S sample at 28 days, 
with selected spectrums analyzed for EDS. .................................................................... 203 
Figure 7.24. Secondary electron image of polished section of wet T-S sample at 56 days, 
with selected spectrums analyzed for EDS. .................................................................... 204 
Figure 7.25. Secondary electron image of polished section of dry T25MK15Ca-S sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 205 
Figure 7.26. Secondary electron image of polished section of dry T25MK15Ca-S sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 206 
Figure 7.27. Secondary electron image of polished section of dry T25MK15Ca-S sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 207 
Figure 7.28. Secondary electron image of polished section of wet T25MK15Ca-S sample 
at 7 days, with selected spectrums analyzed for EDS. .................................................... 208 
Figure 7.29. Secondary electron image of polished section of wet T25MK15Ca-S sample 
at 28 days, with selected spectrums analyzed for EDS. .................................................. 209 
Figure 7.30. Secondary electron image of polished section of wet T25MK15Ca-S sample 
at 56 days, with selected spectrums analyzed for EDS. .................................................. 210 
      1 
1 Introduction 
1.1 Motivation 
Concrete is the second most consumed material in the world after water and can be dated 
all the way back to ancient Roman times. Today, concrete can be spotted everywhere 
from driving on roadways and bridges, walking on sidewalks, and entering buildings. 
Concrete has been a huge driving factor in the development of civilization today.  
 
The main ingredient in concrete, portland cement (PC), has been around for nearly 200 
years.  When combined with water and aggregate, it forms concrete. This combination of 
materials is used for its availability, low cost, versatility, and durability; however, the 
production of PC has a significant impact on the environment. In 2016 alone, 85.4 
million tons of PC was produced (USGS, 2017). The production of PC alone accounts for 
around 6-7% of global anthropogenic carbon emissions (Shi, Jiménez, & Palomo, 2011). 
The current process of producing PC is the major contributor for the carbon dioxide 
production. The phases that account for most the strength in concrete can only be 
produced at high temperatures (1,450˚C). As more heat and energy are applied to create 
these phases, more fossil fuels are burned producing even more carbon dioxide.  
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A promising alternative is gaining increasing attention is a new class of chemically 
activated binders called geopolymers. These binders are formed when an aluminosilicate 
source is mixed with an alkali chemical solution. Most aluminosilicate sources used in 
geopolymers are a byproduct of another industry, for example, fly ash is a byproduct of 
coal combustion for making power and slag is a byproduct of iron and steel production. 
By using an aluminosilicate byproduct instead of PC, geopolymer concrete will have 
similar properties as PC concrete, but with a lower carbon footprint.  
 
Recently, researchers have investigated ground glass for use in geopolymers (Cyr et al., 
2012; Lin, Shiu, Shie, Cheng, & Hwang, 2012; Christiansen, 2013; Redden & Neithalath, 
2014; Puertas & Torres-Carrasco, 2014; Ogundiran & Ikotun, 2014). Glass cullet, or 
broken glass, is recycled glass. Glass is 100% recyclable and one of the primary markets 
for glass cullet is to produce more glass, but due to strict sorting requirements (color and 
size), using cullet in the production of new glass is often not economical and most of it 
ends up in landfills. According to the EPA in 2014, 9.2 million tons of container glass 
was collected through trash or recycling were produced, with only 3 million tons of glass 
recycled. That means that 6.11 million tons, or over 65%, of the glass sent to the 
municipal solid waste stream ended up in the landfill (US EPA, 2016). To reduce the 
amount of glass placed in landfills, new alternative uses of this material are being sought 
after, such as using glass as the source material for geopolymer research.   
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Geopolymer research has been carried out for over half a century with a large portion of 
the research happening in more recent years. The main aluminosilicate sources that have 
been used in research so far are fly ash and metakaolin. Ground glass has been evaluated 
as a potential binary or ternary mixture to aid more common aluminosilicate sources, but 
seldom has it been considered as a primary source. Ground glass consists of high 
amorphous silica and is geographically readily available, making it a potentially good 
principal aluminosilicate source. The major issue with using ground glass as an 
aluminosilicate source is its low alumina content. Geopolymers that have a lower alumina 
content have suffered from efflorescence caused by excess sodium remaining in the 
unreacted material. The excess sodium has been shown to influence the mechanical and 
chemical stability of geopolymers, but this has not yet been examined (Shi, Chong, Hu, 
&Liu, 2015). This research evaluates ground glass as the primary principal 
aluminosilicate source in forming geopolymers and investigates the leaching properties of 
glass-based mortars. 
 
1.2 Project Goals 
The overarching goal of this research was to investigate the alkali leaching properties of 
glass-based geopolymers with varying composition. Specifically, this research worked 
toward answering the following questions: 
1. What are the alkali leaching properties of glass-based geopolymers? 
2. Is there a clear correlation between composition, stoichiometry, and leaching 
properties of glass-based geopolymers? 
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3. Does using a blend of activators improve the mechanical properties of glass-based 
geopolymers? 
4. Does the addition of an alumina source adequately lower the stoichiometric ratios 
of the mixture to more desirable ranges found in other successful geopolymers 
and does this enhance the mechanical performance? 
 
To answer these questions, a thorough literature review was conducted to better 
understand geopolymers and the chemistry associated with them. Multiple glass waste 
stream samples were collected, properly labeled, and stored to prevent contamination 
between samples. The samples were ground to a consistent particle size and analyzed for 
composition. Using the information gathered from the literature review, a framework for 
testing and data collection was developed and mixture designs were created. Two phases 
of experimental work were then carried out as follows: 
• Phase I – 16 mortar mixtures, each using a different glass, activated with 10M 
NaOH were designed to investigate the effects of stoichiometry on the leaching 
and mechanical properties. 
• Phase II – Stoichiometric design-based mixtures using a soda-lime container glass 
in combination with another aluminosilicate source to provide supplementary Al 
and various chemical activators were designed to apply the concepts learned in 
Phase I.  
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To determine the leaching properties, cured mortar cubes were placed in a bath of 
deionized (DI) water, and the pH and conductivity was measured to determine the 
hydroxide and relative ion concentrations, respectively over 56 days. Samples of the 
solution were collected at 7, 28, and 56 days, and inductively coupled plasma optical 
emission spectrometry (ICP-OES) was completed to determine the concentration of 
unbound Na+ cations in the solution. Compressive strength was also measured on 
samples placed in a humidity chamber after oven curing and compared to those cured in 
DI water. Material characterization investigation was performed at various ages of the 
mixtures using a scanning electron microscope (SEM).  
 
1.3 Thesis Organization 
This thesis is broken down into four additional chapters beginning with a literature 
review in Chapter 2 covering general information and the unique chemistry of 
geopolymer binders including ground glass and their leaching properties. At the end of 
Chapter 2, a summary of the literature review is provided as well as a more in-depth 
outline of the research plan. Chapter 3 covers the different types of materials used and the 
testing procedures that were followed to complete the phases listed previously. Chapter 4 
presents the results obtained from the three phases in this research. Chapter 5 summarizes 
the results, discusses conclusions made from this research, and offers recommendations 
for future research of this topic. 
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2 Literature Review 
2.1 Geopolymer Cement Concrete 
The term geopolymer cement refers to a binder that is formed when an aluminosilicate 
source is activated with an alkali activator. These binders behave similarly or sometimes 
even better than PC binders regarding mechanical performance and durability (Shi et al., 
2011). The main attraction of geopolymers is their lower carbon footprint as compared to 
PC. Recent studies have shown a potential of up to 80% carbon dioxide emission 
reduction by using alkali activation (Deventer, Jannie S J van, Provis, Duxson, & Brice, 
2010). Chemically, geopolymers form a hardened binder through a completely different 
set of chemical reactions than PC. PC is a hydraulic cement based primarily on the 
hydration of calcium silicates, whereas geopolymers are formed by the polycondensation 
of aluminosilicates through alkali activation or, geopolymerization. Geopolymers can be 
made from various combinations of aluminosilicate sources and alkali activators and each 
mixture possesses its own unique properties. Just like PC, the resulting fresh and 
hardened properties of the concrete can differ based on the materials used, mixing 
process, and curing conditions. These concepts will be discussed further in later sections 
of the literature review. This section discusses information on the classification, history, 
and provides a summary of the differences between hydration and geopolymerization.  
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2.1.1 Classification 
Geopolymer cements fall under a class of binders commonly known as alkali-activated 
cements. Alkali-activated cements can be further separated into five categories based on 
the composition of the cementing component (Shi et al., 2011; Shi, He, A., V., & Angel, 
2012):  
• Alkali-activated slag-based cements 
• Alkali-activated pozzolan cements 
• Alkali-activated lime-pozzolan/slag cements 
• Alkali-activated portland blended cements (hybrid cements) 
 
These alkali-activated cements can be broadly divided into two different models 
regarding the starting materials (Palomo, Grutzeck, & Blanco, 1999). The first model is 
represented by the activation of materials rich in silica and calcium with mild alkaline 
solutions, which yields a calcium silicate hydrate (C-S-H) gel product. The second model 
is represented by the activation of materials rich in silica and alumina with strong alkaline 
solutions, which yields a solid three-dimensional aluminosilicate matrix. This thesis 
considers only the second model because glass is rich in silica and alumina.  
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It should be noted that geopolymer is a common name for alkali-activated cements, but 
there are other names that include: inorganic polymers, geocements, zeocements, alkali-
bonded ceramics, mineral polymers, hydroceramics, low temperature aluminosilicate 
glass, etc. Within this thesis, the term geopolymer shall refer to a binder that is based on a 
silica-alumina tetrahedral framework where the calcium content is decidedly lower than 
the silica and alumina content combined.  
 
2.1.2 History 
The exact origin of alkali-activated cements is widely disputed, with some claiming it 
dates back as far ancient Egyptian times (Davidovits, 2008). In modern times, the first 
known use of alkalis as an activating component of cementitious materials dates to 1930 
when German scientist, Kuhl, studied the setting behavior of ground powder slag mixed 
with a potassium hydroxide (KOH) solution. In 1940, a Belgian scientist named Purdon 
began experimenting on cements consisting of slag activated with sodium hydroxide 
(NaOH) (Shi et al., 2011). Purdon’s study was the first extensive study conducted on this 
new cementitious material. Several other studies continued on alkali activated slags for 
decades until a new significant breakthrough was discovered in 1957 by a Ukrainian 
scientist and engineer named Victor Glukhovsky. Glukhovsky developed binders from 
low calcium or calcium-free aluminosilicates (clay) and alkaline metal solutions. He 
referred to these new binders as “soil cements” and the concrete produced from these 
binders as “soil silicates”. He classified these binders into two groups based off the 
composition of the starting materials. The first group containing alkaline binding systems 
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and the second group containing “alkali-alkaline-earth” binding systems. Initially most 
research focused on Glukhovsky’s second binder group (including calcium), but as of 
recent, there has been growth in research conducted on Glukhovsky’s first group of 
binders (low to no calcium) (Shi et al., 2011; Shi et al. 2012). This classification is still 
used today, where the calcium content of the starting material is the primary factor 
distinguishing between the two groups. Later, Glukhovsky developed a rough model for 
the alkali activation of aluminosilicates. This model, which includes destruction-
coagulation, coagulation-condensation, and condensation-crystallization, is the 
foundation for today’s models of geopolymerization, which is discussed in the next 
section (Shi et al., 2011).  
 
Due to a series of catastrophic fires in the early 1970’s in France, Dr. Joseph Davidovits 
sought to develop a new inorganic polymer with high heat and fire resistance. He began 
experimenting with reacting kaolinite powders with alkali solutions (Davidovits 2002).  
In 1979, he deemed these new concrete binders “geopolymers” based on the idea that the 
material is a polymer resulting from geochemistry (Davidovits 2002). In the early 1990’s, 
Belgium scientist Jan Wastiels began experimenting with fly ash as a source material for 
geopolymers finding that fly ash geopolymers exhibit high mechanical strength, low 
thermal shrinkage, and low thermal expansion coefficient (Wastiels, Wu, Faignet, & 
Patfoort, 1994). 
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Research on geopolymer cement concrete has gained significant interest and popularity in 
the past several decades in academic and commercial settings. Most of the current 
research on alkali-activated pozzolan cements have used fly ash as the primary 
aluminosilicate source.  
 
2.1.3 Hydration vs. Geopolymerization 
To understand the difference between PC binders and geopolymer cement binders, it is 
necessary to understand how each binder is formed. PC binders are formed from a 
process called hydration. Hydration consists of a series of chemical reactions that occur 
between the five main phases of PC and water. Each cement phase forms a unique 
hydration product that results in the formation of the binder. All the phases in PC are a 
key contributor in hydration, but none are more important than the calcium silicates, 
which make up the majority of PC. The early hydration of alite and later hydration of 
belite results in the formation of calcium silicate hydrate, or C-S-H gel, and calcium 
hydroxide, CH; C-S-H is responsible for much of the strength in concrete. Hydration will 
continue under ambient conditions until the reaction products take up all the spaces once 
occupied by the mixture water or until there are no unreacted cement particles available. 
The presence of water is needed during the curing process to allow hydration to continue 
for as long as possible.  
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Geopolymerization is the reorganization of amorphous aluminosilicates, by an alkali 
solution to form an amorphous to semi-crystalline three-dimensional matrix of tetrahedral 
coordinated alumina and silica. Since the materials used in geopolymers are comprised of 
mainly aluminosilicates, the resulting reaction product of geopolymerization is sodium 
alumina silicate hydrate, or N-A-S-H gel. Just like C-S-H gel, N-A-S-H gel is responsible 
for most of the strength in geopolymer concrete. The polymerization process is slow with 
low levels of calcium and generally requires higher temperatures to cure. A fundamental 
understanding of geopolymerization is necessary to understand how changing the system 
parameters can affect the microstructure and fresh and hardened properties. 
2.2 Geopolymerization 
Geopolymerization is to geopolymer cement as hydration is to PC. It is important to 
understand geopolymerization because it helps characterize the major differences 
between geopolymers and PC systems. A fundamental understanding of geopolymers 
also helps in regard to understanding what the concrete performance will be like. This 
section will discuss the different steps in the geopolymerization process, which include 
dissolution and hydrolysis, polycondensation, gelation, precipitation, reorganization, and 
hardening. Figure 2.1 shows a recent schematic model of the geopolymerization process.  
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Figure 2.1. Recent schematic model of geopolymerization (Shi et al. 2011) 
 
2.2.1 Dissolution and Hydrolysis 
The first step in geopolymerization is dissolution. When water is mixed with an alkali 
hydroxide, hydrolysis occurs and results in alkali metal cations (M+) and hydroxyl anions 
(OH-) in aqueous solution. When an amorphous aluminosilicate source is mixed with the 
solution, the hydroxyl anions quickly attract to the source material and begin to weaken 
the covalent bonds of Si-O-Si and Si-O-Al. Positively charged Si+4 or Al+3 cations are 
then pulled away into the solution and quickly hydrolyzed with OH- anions to form Si-
OH and Al-OH groups (Duxson et al., 2007; Fernández-Jiménez & Palomo, 2005).  
These groups will later form various monomer species including the tetrahedral shape of 
[Si(OH)4] and [Al(OH)4]
- which can be seen in Figure 2.2.  
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Figure 2.2. Al(OH)4
- and Si(OH)4 tetrahedrons (Christiansen, 2013). 
 
 
Factors affecting the dissolution rate of the aluminosilicate source and the solubility of Si 
and Al include (Fernández-Jiménez, Palomo, & Criado, 2005):  
• pH of the dissolving solution 
• particle size and surface area 
• degree of crystallinity of the solid 
• temperature  
• mixing time 
 
The monomeric species present in the solution will start to combine into various 
combinations of Si and Al as dissolution continues. Larger oligomer species are created 
through polycondensation reactions, which are covered in the next section.  
  
OH
-
 OH
-
 
Si
4+
 Al
3+
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2.2.2 Polycondensation 
Solubility is the ability of a given substance, the solute, to dissolve in a solvent. A 
solution is considered saturated when the solute can no longer dissolve anymore in the 
given solvent. Under certain conditions, such as very high pH and/or higher temperature, 
more solute can dissolve in the solvent. This is called supersaturation and 
geopolymerization requires a supersaturated solution of Si and Al monomers before 
condensation will occur.  
 
Condensation occurs when two or more OH- ions come together to form an oxygen bond 
(also known as an oxygen bridge), thereby releasing a molecule of water. The water 
released during this process acts as the reaction medium for the polymerization process 
(Shi et al., 2011).  The definition of polymerization is the chemical reaction when two or 
more monomers combine to form a larger molecule that contains repeating structural 
units, or polymers. However, when two monomers combine in the geopolymerization 
process, condensation also occurs, so this process is technically called polycondensation 
(Christiansen, 2013). Basic polycondensation reactions between two monomers are 
shown in Figure 2.3.  
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Figure 2.3. Polycondensation reaction between monomers (Christiansen, 2013). 
 
 
The polycondensation of two monomers forms a dimer. If three monomers are combined 
it is called a trimer, etc. These different combinations of monomers combine to form 
oligomers, shown in Figure 2.4. This process occurs rapidly at a high pH.  
 
H
+
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+
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Figure 2.4. An example of a monomer (top left), dimer (top right), cyclic trimer 
(bottom left) and a trimer (bottom right) (Christiansen, 2013). 
 
2.2.3 Gelation and Reorganization 
Precipitation is the process of a substance turning into a solid form from a solution. As 
the smaller monomers begin to combine to form larger molecules, they precipitate in the 
form of a gel. Structural order can be identified at the formation of these gels. Since the 
Al-O bonds are weaker than Si-O, there are more Al monomers in the solution initially 
that help form the gel (Shi et al., 2011). Since the tetrahedral [Al(OH)4]
- monomer is 
negatively charged, the alkali cations are weakly attracted to help balance the molecule. 
This means that for every Al monomer bound tetrahedrally within the matrix, there 
theoretically must be a matching alkali metal cation, which means the molar ratio of 
M+/Al must be one, where M+ is Na+ or K+. Si-O-Si bonds are more thermodynamically 
Si
4+
 O
2-
 OH
-
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stable than Si-O-Al, so as Si-O bonds are broken, and more Si comes into the solution, 
the gel evolves into a more stable Si-rich gel. Increasing the Si/Al ratio has been shown 
to improve the mechanical properties of the aluminosilicate gels (Fernández-Jiménez, 
Palomo, Sobrados, & Sanz, 2006; Shi et al., 2011). The main reaction product from this 
phase is the N-A-S-H gel and the reorganization process determines the final composition 
of the N-A-S-H gel and the binder microstructure (Shi et al., 2011).  
 
2.2.4 Hardening 
As the gel network continues to condense, the liquid from the gel begins to disperse, and 
the water that was initially consumed during dissolution is expelled. This expulsion of the 
water eventually leads to the hardening of the aluminosilicate matrix. The expelled water 
exists in the pores of the gel, creating a biphasic system with the phases being the 
aluminosilicate binder and water (Christiansen, 2013). 
 
2.3 Source Materials 
As stated earlier, the source material for geopolymers require both alumina and silica for 
the geopolymerization process. Two of the most common elements in the Earth’s crust 
are silica and alumina, which theoretically means there are seemingly endless materials 
available for use in geopolymers. However, the success of the aluminosilicate source 
depends greatly on the properties of the source material, meaning all these materials are 
not realistic. Some of the most important properties include: 
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• Reactive Si and Al 
• Amorphous structure 
• Particle size and shape 
 
Many of the materials used as supplementary cementitious materials (SCMs) in PC serve 
as great candidates for the source material in geopolymers. The requirements for a good 
SCM are similar to the requirements for a source material in geopolymers. A ternary 
diagram plotting typical Si, Al, and Ca content of materials that have been used as a 
source material for geopolymers as well as PC is shown in Figure 2.5. Materials that have 
been used as source material for geopolymers include: 
• Metakaolin 
• Fly ash (Class F and Class C) 
• Slag 
• Glass  
• Silica fume 
• Red mud 
• Volcanic ash 
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Figure 2.5. Ternary diagram of typical composition of geopolymer source materials 
and PC. 
 
Many of the materials used to make geopolymers are byproducts that are normally 
disposed of as waste. Reutilizing these materials has a large environmental benefit. Since 
metakaolin and fly ash have high amorphous Si and Al contents, they are the most 
commonly used source material in geopolymer production today and are discussed in 
more detail in this section. Slag has also been used as a source material in geopolymers 
and will be discussed in more detail in this section. The typical composition of 
SiO2
Al2O3CaO
Silica Fume
Container Glass
PC
Slag
Class C Fly Ash
Red Mud Metakaolin
Class F Fly Ash
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metakaolin, fly ash, and slag is given in Table 2.1. Ground glass, the predominant source 
material used in this research, will also be expanded on at the end of this section.  
 
Table 2.1. Chemical analysis and selected properties of typical metakaolin, fly ash, and 
slag (Kosmatka & Wilson, 2016) 
 
Composition  
(% by mass) Metakaolin 
Fly Ash 
Slag Class F Class C 
SiO2 53.0 52.0 35.0 35.0 
Al2O3  43.0 23.0 18.0 12.0 
Fe2O3  0.5 11.0 6.0 1.0 
CaO  0.1 5.0 21.0 40.0 
SO3  0.1 0.8 4.1 2.0 
Na2O  0.1 1.0 5.8 0.3 
K2O  0.4 2.0 0.7 0.4 
Na2O eq.  0.3 2.2 6.3 0.6 
LOI  0.7 2.8 0.5 1.0 
Fineness (m2/kg) 17,000 420 420 400 
Relative Density 2.50 2.38 2.65 2.94 
 
2.3.1 Metakaolin 
Natural pozzolans are produced from natural mineral deposits and some of them require 
heat treatment known as calcination, to make them pozzolanic. Metakaolin is produced 
by low-temperature calcination of kaolin clay and is considered a calcined clay. The clay 
is purified by water processing before the calcination process to help control thermal 
activation at relatively low temperatures (650˚C to 800˚C) compared to other calcined 
clays. As a supplementary replacement to PC, metakaolin is used in applications where 
very low permeability or very high strength is required. Natural pozzolans are classified 
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by ASTM C618 – Standard for Coal Fly Ash and Raw or Calcined Natural Pozzolan for 
Use in Concrete as Class N pozzolans (ASTM International, 2015). To distinguish 
metakaolin from the less reactive calcined clays, it has been marketed under the 
description high-reactivity metakaolin (Kosmatka & Wilson, 2016).  
 
Metakaolin is ground to a very high fineness with an average particle size of 1 to 2 µm, 
which is finer than most supplementary cementitious materials (Kosmatka & Wilson, 
2016). The shape of typical calcined clay particles is angular and plate-like and can be 
seen in Figure 2.6. Metakaolin is made predominantly of silica and alumina. The sum of 
these two oxides is generally greater than 95% by mass (Kosmatka & Wilson, 2016).  
 
 
Figure 2.6. Scanning electron microscope (SEM) micrograph of metakaolin particles 
(Mansour, Said & Abadlia, M & Karim, Bekkour & Messaoudene, Ibrahim, 2010)  
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2.3.2 Metakaolin in Geopolymers 
The homogenous composition and uniform particle size and shape of the calcined clay 
result in a highly reactive material that freely contributes Si and Al to the geopolymer 
system. However, today metakaolin is most often used as a model material for research 
rather than in actual structural applications. This is because unreacted particles following 
geopolymerization are thought to act as defect sites within the matrix due to their softness 
and the high-water demand associated with the small, platy metakaolin particles (Duxson 
et al. 2007; Provis, Duxson, & van Deventer, Jannie S J, 2010). 
 
Metakaolin geopolymers are generally not as strong as fly ash geopolymers (Duxson et 
al. 2007). However, it is commonplace to mix metakaolin or kaolinite with another, less 
reactive precursor to create a successful geopolymer binder. The synergy between 
metakaolin and other aluminosilicate sources is important and has been shown to enhance 
the properties of the binary geopolymer as compared to the single material on its own 
(Xu & Van Deventer, J S J, 2000; Xu & Van Deventer, J S J, 2002). It has been found 
that metakaolin-based geopolymers made with a high amount of soluble silica in the 
activating solution often result in a more porous final product. This is thought to be due 
to the fact that soluble silica hinders the reorganization of the initial gel products into a 
denser gel (Duxson et al. 2007).  
 
      23 
2.3.3 Fly Ash 
Fly ash is a byproduct of the combustion of pulverized coal in electric power plants. 
During the combustion of the coal, the coal’s impurities fuse in suspension and are 
carried away by the exhaust gases. During this process, the fused materials cool and 
solidify into glassy particles called fly ash. Due to the rapid cooling, formation of well-
ordered crystalline phases is averted leaving the structure primarily made of amorphous 
aluminosilicate glass. The ash is then collected from the exhaust gases by filters as a 
powder. Fly ash is the most widely used SCM in concrete and is divided into two classes, 
Class F and Class C, which are defined in the same standard used for the classification of 
metakaolin. Class F fly ashes are high in silica and alumina, but low in calcium, and have 
pozzolanic properties. To be considered a Class F fly ash, the sum of the weight percent 
oxides of SiO2, Al2O3, and Fe2O3 must be equal to or greater than 70%. Class C fly ashes 
have a higher calcium and lower silica and alumina contents than Class F. The sum of the 
oxides must be equal to or greater than 50% to be considered a Class C fly ash. In 
addition to having pozzolanic properties, Class C fly ashes also have some hydraulic 
cementitious properties (Kosmatka & Wilson, 2016).  
 
Most fly ash particles are solid and spherical in shape, but some are hollow cenospheres. 
In some cases, there will also be plerospheres, which are hollow cenospheres containing 
smaller spheres. The shape of typical fly ash particles can be seen in Figure 2.7. The 
average particle size of fly ash is less than 20 µm, but can vary from less than 1 µm to 
more than 100 µm. The chemical fly ash depends on the source of the coal, and due to the 
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variety of coal types mine in North America, the composition of fly ash covers a wide 
range. The performance of fly ash in concrete is strongly influenced by its chemical 
composition. The abundance of the glass in fly ash is important because it reacts and 
contributes to the properties of the concrete whereas the crystalline phases are inert 
(Kosmatka & Wilson, 2016). Since Class C fly ash has a higher calcium content, it can be 
hydraulic and a pozzolanic material, which means it isn’t really a good candidate for a 
geopolymer. Class F fly ash on the other hand is an aluminosilicate that will not react 
with water unless there is an activator present making it a strong candidate for 
geopolymers.  
 
 
Figure 2.7. Scanning electron microscope (SEM) micrograph of fly ash particles at 
approximately 1000X. 
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2.3.4 Fly Ash in Geopolymers 
Fly ash is often favored over metakaolin as the main source material for geopolymers 
because it is an industrial byproduct and therefore does not contribute any carbon 
emissions to a total carbon footprint. Fly ash also doesn’t require as much water as 
metakaolin and has achieved higher compressive strengths. Fly ash geopolymer cements 
have also been found to have higher mechanical and durability properties as compared to 
metakaolin-based geopolymer cements (Duxson et al. 2007).  
 
It has been found that the more amorphous phases there are present in the fly ash, the 
higher the degree of reaction and the higher the compressive strength (Fernández-
Jiménez & Palomo, 2003). Crystalline or insoluble phases prevent the possibility of 
achieving a 100% degree of reaction; however, unreacted fly ash particles have been 
found to act as micro-aggregate embedded within the aluminosilicate matrix, in some 
cases adding strength to the systems (Fernández-Jiménez et al. 2005). Some fly ash 
particles do not react at all, while others show signs of surface dimpling and others still 
are completely reacted, leaving behind just the outline of where it once was. This has 
been said to be due to differences in the fly ash properties per particle or to the fact that in 
some cases a hydration barrier prevents some particles from reaction, in a local manner, 
where pH is very important (Fernández-Jiménez, Lachowski, Palomo, & Macphee, 
2004). The spherical nature of the fly ash particles has also been helpful in understanding 
the steps of geopolymerization because evidence of reaction is easier to see on the 
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particles as compared to other materials such as metakaolin, where it is more difficult to 
differentiate between the raw material and final product (Fernández-Jiménez et al. 2005).  
  
2.3.5 Slag 
Slag, previously known as ground granulated blast-furnace slag (GGBFS), is produced in 
blast furnaces as a byproduct from the production of iron used in making steel. As the 
ingredients used to make iron melt at a temperature of 1500˚C, the molten slag is formed 
and floats above the denser molten iron. The molten slag is then rapidly cooled in water 
to form a glassy, sand-like material. This material is then dried and ground into a fine 
powder to be used as a cementitious material. Just like fly ash, if slag is cooled slowly, it 
will form crystalline phases that have no cementitious properties. Air-cooled slag is inert 
and used for other applications such as aggregate. Slag has been used as a construction 
material since 1774 and is still being used today. In accordance with ASTM C989 – 
Specification for Slag Cement for Use in Concrete and Mortars, there are three grades of 
slag cement: Grade 80 is slag with a low activity index, Grade 100 is slag with a 
moderate activity index, and Grade 120 is a slag cement with a high activity index 
(Kosmatka & Wilson, 2016; ASTM International, 2016).  
 
Slag particles have a rough and angular shape and are ground to produce slag cement that 
is approximately the same or greater fineness than portland cement. The angular shape of 
slag particles is shown in Figure 2.8. The slag particles are mostly ground to less than 45 
µm and the appearance resembles white cement. The chemical composition of slag 
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depends mainly on the composition of the charge used in the blast furnace. The CaO, 
SiO2, Al2O3, MgO, and Fe2O3 generally make up more than 95% of the slag cement. The 
composition of slag cement can vary between sources, but due to the restrictive control of 
the iron-making process, the variation is generally low (Kosmatka & Wilson, 2016).  
 
 
Figure 2.8. SEM micrograph of slag particles at approximately 2000X. 
 
2.3.6 Slag in Geopolymers 
In the presence of water and an activator solution, such as NaOH or Ca(OH)2 (both are 
supplied by portland cement), the slag cement hydrates and sets similar to portland 
cement. Slag cement will hydrate and set without an activator, but the process is much 
slower (Kosmatka & Wilson, 2016). Alkali-activated slag binders have been used as an 
alternative mean for PC binders for over 65 years and are often used as a component of 
geopolymer systems (Duxson et al., 2007). However, when it comes to the complexity of 
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slag chemistry relating to geopolymers, there has been much discussion saying that 
activating slag doesn’t classify it as a geopolymer due to its high Ca content. This results 
in more C-S-H gel than N-A-S-H gel, meaning that it acts more like a hydration system 
than a geopolymer. On the other hand, slag has been found to be a good supplementary 
source material to help improve certain properties of geopolymers.  
 
2.3.7 Glass 
Glass is made from sand, soda ash, limestone, and recycled glass, which is known as 
cullet. The proportion of these raw materials is based on availability, chemical and 
physical consistency, sizing, purity and cost. These materials and other various additives 
are combined and heated to around 1500˚C and then molded into the desired shape and 
cooled. Different materials are added to the initial raw materials to change the end color 
of the glass containers. This is done to prevent ultraviolet rays from penetrating the 
containers and for company branding purposes (Glass Packaging Institute, 2017).  
 
Waste glass can be separated into different categories based on composition and how the 
glass is made. Some of the most common types of glass are as follows: soda-lime glass, 
borosilicate glass, glass fibers, and television glass. Soda-lime glass makes up most of all 
glass made in the United States and is what most plate and container glass are made up of 
(Shelby, 2005). Borosilicate glasses have a wide range of composition and are desired for 
their properties such as thermal shock resistance, better chemical durability, or higher 
electrical resistivity (Shelby, 2005). These properties are what make borosilicate glass 
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popular in labware and electrical glass. Glass fibers are used for thermal insulation, sound 
insulation, thermal environments, and glass cloth (Shelby, 2005). Television glass is used 
in for panel and funnel television, and other cathode ray tubes (Shelby, 2005). Table 2.2 
shows the typical composition of these common glass types used in the glass industry. 
The shape of ground glass particles is shown in Figure 2.9. It should be noted that not all 
waste glass has the same composition. Glass collected from a waste stream could be 
slightly different between one day and the next even when coming from the same source.  
 
Table 2.2. Typical composition of common glass types by mass (Shelby, 2005). 
 
Composition  
(% by mass) 
Container Plate Borosilicate 
Glass 
Fibers 
Television 
SiO2 74.0 73.0 81.0 52.0-56.0 62.0 
Al2O3  1.5 0.1 2.0 12.0-16.0 2.0 
B2O3 0.0 0.0 13.0 5.0-10.0 0.0 
CaO  11.0 9.0 0.0 16.0-25.0 < 2.0 
PbO 0.0 0.0 0.0 0.0 0.0-2.0 
Na2O  13.0 14.0 4.0 0.0-2.0 7.0 
K2O  0.3 0.0 0.0 0.0 9.0 
MgO  0.2 4.0 0.0 0.0-5.0 < 1.0 
Fe2O3  0.0 0.1 0.0 0.0-0.8 0.0 
 
 
 
Figure 2.9. SEM micrograph of ground glass particles (Cyr et al., 2012). 
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2.3.8 Glass in Geopolymers 
To date there has been very little research on geopolymer systems based solely on ground 
glass as compared to fly ash or metakaolin. Research carried out in Greece reacted finely 
ground glass with 1M NaOH, but the activator solution was not nearly strong enough for 
adequate activation or strength gain (Karamberi, Kerinis, & Moutsatsou, 2004). Others 
have used common natural clays and glass cullet rejects, containing stones and ceramic 
pieces, in an attempt to make a geopolymer cement. By mixing the cullet with the clay in 
small amounts, strengths around 4,350 psi (30MPa) were reached (Carvalho, Carvalho, 
Pinto, & Labrincha, 2008). Some research has also shown that nearly all the elements 
used in glass production have been successfully bound in geopolymers matrices, 
including boron, which is a common contaminant in ground glass (Deventer et al., 2010; 
Provis & Deventer, J S J van, 2009). Additional research considering glass as a 
component in geopolymers has also been recorded (Grutzeck & Marks, 1999; Lin, Shiu, 
Shie, Cheng, & Hwang, 2012; Hao et al., 2013; Kourti, Deegan, Boccaccini, & 
Cheeseman, 2013).  
 
There have only been a few reported accounts of the production of pure glass-based 
geopolymer cement. The first was Cyr et al. in 2012, who used green bottle glass 
activated with NaOH and KOH. Due to the high Si content of the glass, sodium silicate 
was not included in the activator solution. The mixtures were made of 100% glass as the 
source material, making the Si/Al ratio around 20. Regarding the liquid/solid (l/s) ratio, it 
was found that higher l/s ratios resulted in lower compressive strengths. Moderate 
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compressive strengths were reported when samples were cured at 60˚C for 24 hours. 
However, samples cured at 40˚C and stored in water were found to have 45% lower 
strength. This was thought to be due to the leaching of alkalis, which was prevalent even 
after several weeks of submersion in distilled water. The lack of Al in the system was 
believed to be the underlying cause of this, since Al typically secure the alkali cations in 
the matrix in a charge-balancing role. The set times were also reported to be quite long, 
which again could be due to a lack of Al. Higher Al content might be needed to improve 
the setting time at 20˚C and stabilize the matrix and the alkalis for long-term durability. It 
was assumed that some C-S-H gel was produced as well from the calcium in the glass 
(Cyr, Idir, & Poinot, 2012). 
 
In 2013, Christiansen observed the effects that introducing a supplementary alumina 
source will have on the kinetics of geopolymerization, the resulting microstructure and 
selected performance properties of the final product. Glass with varying Al content mixed 
with a supplementary alumina source was activated with NaOH. It was found that 
adequate compressive strength was reached in the mixtures made with the finer glass. 
Glass containing more Al, either in the glass or from the metakaolin, resulted in higher 
compressive strengths as well. A trend was also noticed between stoichiometric ratios 
where decreasing molar ratios (Na/Al, Na/Si, and Ca/Si) corresponded to increasing 
compressive strength. Also, a trend between Si/Al was found that to a certain point, 
increasing the ratio increased the compressive strength (Christiansen, 2013). 
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In 2014, Redden and Neithalath evaluated the strength development in NaOH activated 
ground glass mixtures and compared the reaction products formed to those found in 
activated fly ash mixtures. They also examined the microstructure, strength, and moisture 
stability of glass geopolymers mixed with supplemental Al. They discovered that ground 
glass binders activated with a higher concentration of NaOH had a higher compressive 
strength than the activated fly ash mixtures. Using ground glass alone displayed a lack of 
hydrolytic stability, which was evident in the drastic strength loss under moist curing 
conditions. However, adding additional Al and Ca to the system in the form of slag and 
metakaolin was found to better control the strength loss under moisture exposure. It was 
shown that by carefully selecting the source materials to compositionally supplement the 
ground glass, desirable mechanical and moisture-resistant characteristics can be produced 
(Redden & Neithalath, 2014). 
 
2.4 Activator Solution 
While water is the “activator” in PC concrete, which is not that variable, whereas the 
alkali activating solution in geopolymers can vary greatly depending on the composition 
of the activator such as the pre-dissolved Si, pH, viscosity, etc. This influences the 
resulting microstructure and performance of the mixture. There are many roles the 
activator plays in the geopolymerization process. Some of these roles include: 
• provide a medium in which transport reactions can occur 
• high pH of the system allows for rapid dissolution of the source material 
• the alkali cations present act as a charge balancer for tetrahedrally coordinated Al 
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• silica in the solution can accelerate the geopolymerization process 
A balance of dissolution and polycondensation is required to optimize the product and 
this is often managed through alterations to the activator solution (Bondar, Lynsdale, 
Milestone, Hassani, & Ramezanianpour, 2011).  
 
Glukhovsky classified alkaline activators into six groups according to their chemical 
composition, where M is an alkali metal (generally Na or K) (Shi et al., 2012):  
• Caustic alkalis (MOH) 
• Non-silicate weak acid salts (M2CO3, M2SO4, M3PO4, etc.) 
• Silicates (M2OnSiO2) 
• Aluminates (M2OnAl2O3) 
• Aluminosilicates (M2OnAl2O3(2-6)SiO2) 
• Non-silicate strong acid salts (M2SO4) 
Out of these activators, the sodium-based activators, such as NaOH, are the most 
common due to their lower cost and availability. Studies have shown that potassium-
based activators perform better than sodium-based activators, however they are restricted 
due to their higher cost and lower availability (Shi et al., 2012). In many cases, pre-
dissolved silica, such as sodium silicate, is added to the alkali hydroxide to provide more 
Si to the system, but it also provides it in a readily available manner, which affects the 
kinetics and therefore geopolymerization of the system.  
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2.5 Mixture Design Stoichiometry 
One of the first considerations for mixture design of geopolymers is the stoichiometry of 
the mixture; more specifically the stoichiometric ratios of Si/Al and M+/Al, where M+ is 
the cation of either Na+ or K+. The presence of soluble silica or calcium, the alkalinity of 
the activator solution, and curing conditions all have been found to influence 
geopolymerization as well. Proper proportions lead to efficient growth of the structure 
and more complete geopolymerization (Shi et al., 2011). Many researchers have 
investigated the effects of different molar ratios of Si/Al and M+/Al to determine how 
they affect the mechanical performance and microstructure. Table 2.3 shows the 
proposed desired stoichiometric ratios determined by geopolymer research. The research 
consensus shows that the desired Na/Al is around 1 and the desired Si/Al ratio is 2-5. 
 
Table 2.3. Proposed desired stoichiometric ratios determined from geopolymer 
research (Davidovits, 1979; Duxson, Mallicoat, Lukey, Kriven, & van Deventer, Jannie 
S J, 2005; Duxson, Provis, Lukey, & van Deventer, Jannie S J, 2007; Fernández-
Jiménez, Palomo, Sobrados, & Sanz, 2006; Rowles & O'Connor, 2003).  
 
Researcher(s) M+/Al Si/Al 
Davidovits 1979 0.8-1.2 (~1.0) 3.5-4.5 (~4.0) 
Rowles and O'Connor 2003 1.3 3.0 
Duxson et al. 2005; Fernández-
Jiménez et al. 2006 
1.0 1.8-2.0 
Duxson et al. 2007 1.0 1.0-5.0 
 
2.5.1 The role of Al 
Solutions made up of just alkali silicates (Si and Na) do not harden on their own and are 
usually water soluble to some degree. Aluminosilicates, on the other hand, have a very 
low solubility, which is why Al is thought to be the mechanism for which irreversible 
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hardening occurs in geopolymers (Christiansen, 2013). It is still unknown how to control 
the release rate of available Al during geopolymerization. This becomes an issue because 
Al is thought to influence the rate, stoichiometry and reaction progress in 
geopolymerization (Duxson et al. 2007). Al is necessary to improve the mechanical and 
stability properties of the geopolymer binder (Fernández-Jiménez et al. 2006). 
 
2.5.2 Si/Al 
The Si/Al ratio of the aluminosilicate gel depends heavily on the chemical composition of 
the starting material, nature and concentration of alkali activator, synthesis temperature, 
and thermal curing time (Fernández-Jiménez et al. 2006). One of the most important 
variables that effect the final Si and Al incorporated into the final matrix is the release 
rate of Si and Al. Increasing the Si/Al has shown improvements to the mechanical 
properties of the aluminosilicate gel. The Si/Al needs to be large enough to support the 
precipitation process during geopolymerization, but if it is too high, unstable silicate gels 
will form (Shi et al. 2011). Fletcher et al. investigated geopolymers with Si/Al ratios 
ranging from 0.5-300 by beginning with metakaolin as the source material and then 
adding amorphous Al or Si. The research showed that geopolymers with low Si/Al (≤2) 
had very low compressive strengths and a large number of crystalline phases present in 
XRD analysis. On the other hand, extremely high Si/Al ratios (≥24) were found to 
develop elastic-like properties, with deformation failures rather than brittle failures 
(Fletcher et al. 2005).  
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2.5.3 Na/Al 
The molar ratio of alkali to alumina has been found to be very important to the success of 
a geopolymer mixture. It has been found that in pure aluminosilicate gels synthesized 
under basic conditions, only an equal amount of alkali and alumina will be included in 
the gel at higher pH (Fernández-Jiménez et al. 2006). It is believed the presence of alkalis 
in the system provides strength through polymerization. If there are not enough alkalis 
present to balance all the alumina in the mixture (Na/Al < 1), the alumina will be 
replaced by silica in the geopolymer matrix. If too many alkalis are present (Na/Al > 1), 
the alkalis will leach out of the system and efflorescence might begin to form in the 
voids. This efflorescence is caused by excess sodium oxide remaining in the unreacted 
material (Shi, Chong, Hu, & Liu, 2015). In some systems, efflorescence can lower the 
strength of concrete over time and affect the chemical stability. Overall, there has not 
been a lot of research done regarding the leaching properties of geopolymers, let alone 
glass-based geopolymers. Cyr conducted placed glass geopolymer mortars in a bath of 
water and measured the mass and strength loss of the samples. Redden cured glass 
geopolymer mortars by immersing them in DI water or placing them in a fog-spray 
chamber. Shi cured their geopolymers in DI water over various times to examine any 
efflorescence on the samples. 
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2.6 Significance of Literature Review 
2.6.1 Glass as a Source Material 
As discussed previously, ground glass contains nearly all the desired properties for a 
successful geopolymer source material. Glass has a very high amorphous Si content, 
which dissolves quickly when introduced to an alkali activator. Christiansen, Redden, and 
Cyr all claim adding sodium silicate is not necessary since there already is enough Si in 
the system. It also has a moderate Ca content, which can help produce C-S-H gel and has 
shown to improve compressive strength (Cyr et al., 2012).  
 
The biggest issue plaguing the continued use of PC as a binder is the large carbon 
footprint associated with its production. When comparing the glass used in geopolymer to 
PC, the glass is considered a waste material, which means it has a smaller carbon 
footprint than PC. The main use of ground glass is to make new glass. Glass is 100% 
recyclable, and cullet, or broken glass, is mixed with raw materials and melted together to 
form new glass and in result lowers the required temperature, which results in substantial 
savings in energy and fuel. However, strict color and compositional requirements for 
cullet used in new glass have caused low recovery rates in the United States, and the 
cullet ends up going to the landfill. Grinding up the cullet and using it as a source 
material for geopolymers offers a new use for this landfilled waste product.  
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Currently there has not been a lot of research conducted on ground glass a source 
material. Research that has been published has focused on parameters in geopolymers 
such as the curing conditions and activator choice (Cyr et al., 2012), glass mixed with 
supplementary materials (Christiansen, 2013), or leaching and stability (Redden & 
Neithalath, 2014). This work is summarized in Table 2.4. 
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Table 2.4. Summary of current glass geopolymer research (Cyr et al., 2012; Lin, Shiu, Shie, Cheng, & Hwang, 2012; Christiansen, 2013; Redden 
& Neithalath, 2014; Puertas & Torres-Carrasco, 2014; Ogundiran & Ikotun, 2014) 
Researcher(s) Activator(s) 
Number 
of 
Glasses 
Glass 
Information 
Glass Particle 
Size 
Supplementary 
Material 
Curing Conditions 
Desired 
Stoichiometric 
Parameters 
Leaching 
Article 
Summary 
Cyr, Idir, 
Poinot, 2011 
1M, 5M, 10M 
KOH, NaOH 
1 
100% green 
glass from 
municipal 
waste 
collection, glass 
washed, graded, 
crushed, sieved 
F1: 1,080 cm2/g, 
median 75 µm    
F2: 2,070 cm2/g, 
median 32 µm    
F3: 4,170 
cm2/g, median 
14µm 
N/A 
Sealed in plastic 
bags and cured at 
20℃, 40℃, and 
60℃ at 100% RH 
for 24 hours, then 
stored at 20℃, 
40℃, or 60℃ and 
100% RH for 7, 28, 
or 56-days 
3:1 sand to 
glass, 2:1 glass 
to alkaline 
solution 
Immersed in 
water at 20℃, 
water changed 
every 7 days, 
Na and K 
concentrations 
measured every 
7 days, 
measured mass 
loss 
Soda-glass can be 
used as a base 
material for 
geopolymers 
without water 
glass, finer glass 
improved 
compressive 
strength, 40℃-
60℃ curing 
temperatures 
Lin et al., 2012 
10M NaOH and 
Na2SiO3 
1 
TFT-LCD 
recycled glass 
3,000 cm2/g 
Metakaolin 
(90%) 
30℃ for 24 hours, 
then stored at 
ambient 
temperature 
Si/Na = 2,    
solid to liquid = 
0.8 
Tested leaching 
concentrations 
from raw 
materials 
Increasing Si/Na 
increases strength 
Christiansen, 
2013 
5M, 10M NaOH 2 
100% recycled 
consumer glass 
containing 
varying 
amounts of Al 
Fine: median 3-
4 µm               
Coarse: median 
15-25 µm 
Fly Ash and 
Metakaolin 
40℃ and 80℃ for 
24 hours 
Si/Al = 2-5,       
Na/Al = 1 
Observed 
leaching on 
samples 
Adequate 
compressive 
strength can be 
achieved with 
supplementary Al 
Redden & 
Neithalath, 
2014 
4M, 6M, 8M 
NaOH 
1 
By-product of 
industrial and 
highway safety 
glass bead 
manufacturing 
74% passing        
45 µm sieve 
Fly Ash, 
Metakaolin, 
Slag 
50℃ and 75℃ for 
24, 48, or 72 hours 
liquid to powder 
= 0.5 
Immersion in DI 
water or fog-
spray chamber 
Sodium silicate 
gels have poor 
hydrolytic 
stability 
Puertas, 
Torres-
Carrasco, 2014 
8M, 10M NaOH 
and 15% 
Na2SiO3, 
varying 
amounts of 
glass 
1 
Urban glass 
waste from 
Madrid, Spain 
Under 45 µm 
Fly Ash (source 
material) 
85℃ for 20 hours Paste N/A 
Ground glass can 
be used to create 
waterglass for 
geopolymer 
activation 
Ogundiran, 
Winjobi, 2014 
1:1 8M 
NaOH:Na2SiO3 
1 
Window glass 
from local 
demolition sites 
in Nigeria 
Under 63 µm Calcined Clay 
Covered for 3 days 
at ambient 
temperature for 7, 
14, 21, or 28 days 
0%, 25%, 50%, 
or 75% glass 
replacement 
N/A 
Larger glass 
replacement 
added to calcined 
clay and led to 
greater 
compressive 
strengths 
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For geopolymers to be used as an alternative binder to PC on a large scale, multiple 
hurdles need to be addressed first. More research on these binders needs to be conducted 
to have a better understanding of these newer materials. Just like PC, a set of design and 
material specifications will be required for geopolymers to be used on a large scale. As of 
now, geopolymers have been used only in specialty applications where the improved 
properties (i.e. durability, sulfate resistance, higher thermal capacity, etc.) were desired. 
The two most common source materials used in geopolymers, metakaolin and fly ash, 
have been utilized because of some of the properties they possess that PC doesn’t. For 
glass to stand out as a viable precursor for geopolymer binders, it must demonstrate 
unique properties over PC binders such as its source material predecessors, metakaolin 
and fly ash. A comparison of glass, metakaolin, and fly ash based on the important 
properties of a source material are shown in Table 2.5. These materials have most of the 
desirable properties, but not all. Fly ash lacks physical and compositional homogeneity 
because interparticle speciation is inherent within the material. The same is true for 
metakaolin and hardness. Glass lacks reactive Al, but this can be remedied through the 
addition of an alumina source.  
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Table 2.5. Comparison of metakaolin, fly ash, and glass based on important properties of 
a geopolymer source material. A single X represents adequacy and two Xs represent 
substantial (Christiansen, 2013). 
 
 Metakaolin Fly Ash Glass 
Reactive Si X X XX 
Reactive Al XX X  
Amorphous structure XX X XX 
Particle size and shape X XX XX 
Physical and compositional 
homogeneity 
XX  X 
Hardness  X XX 
 
2.6.2 Supplemental Alumina 
Most source materials used to make geopolymers lack the required amount of soluble Si 
needed to reach the necessary Si/Al ratio fast enough for geopolymerization to occur, 
therefore they require the addition of pre-dissolved silica in the activator solution. That is 
why researchers have made the claim that glass already has a substantial amount of silica, 
so pre-dissolved silica is not required (Cyr et al., 2012; Christiansen, 2013; Redden & 
Neithalath, 2014). However, most ground glass does not contain a lot of reactive alumina 
meaning its Si/Al ratio is generally higher than what is recommended for a good 
geopolymer (Cyr et al., 2012). Alumina is necessary to form a stable, non-soluble matrix 
with an acceptable set time and good mechanical performance (Fernández-Jiménez et al., 
2006). The presence of Al also plays an extremely important role in incorporating the 
Na+ ions in the final matrix. With the tetrahedral Al monomer having a net -1 charge, the 
Na+ ion is needed to balance the charge to avoid excess sodium oxide leaching out from 
the unreacted material forming efflorescence at the surface.  
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2.6.3 Stoichiometry 
The Si/Al and Na/Al molar ratios have been shown to affect the set time, compressive 
strength, and microstructure of geopolymer binders, and the presence of Al can 
drastically improve the performance of the geopolymer (Fernández-Jiménez et al., 2006). 
Most of the literature available on geopolymers lists the stoichiometric molar ratios of the 
source materials and activating solution, but not the actual stoichiometric molar ratios 
reached within the reaction products. Assuming the molar ratios of the reaction products 
will be the same as the initial molar ratios before mixing is a weak assumption as many 
factors play a role in how the elements will react together. 
 
Considering the bulk stoichiometry of ground glass and alkali activator, a supplemental 
Al source must be added to lower the Si/Al and Na/Al stoichiometric ratios to the desired 
ratios. From the literature, it is known that an acceptable Si/Al range is generally between 
2-5 and ideally the Na/Al ratio of the system will be 1, where each tetrahedrally 
coordinated Al monomer, with a net charge of -1, will be balanced with a corresponding 
alkali cation within the structure. However, due to the high silica content in glass, these 
molar ratios are difficult to achieve.  
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3 Research Plan, Materials, and Methods 
Chapter 3 outlines the research plan for each phase and outlines the details of the material 
selection process and characterization of those materials. It also outlines the 
methodologies and testing procedures used in this research.  
3.1 Research Plan - Approach for Each Phase 
3.1.1 Phase I: Investigation of Glass-Based Geopolymers 
The first phase of this research involved basic mixture design and development of 100% 
glass-based geopolymer mixtures using 16 different glass streams. The glasses used in 
this phase are identified by the letters A, B, C, D, E, G, H, J, K, L, M, N, O, P, Q, and R. 
The main objective of the first phase was to investigate the leaching performance of 
varying stoichiometric mixtures to determine any patterns and see if there were any 
significant differences between different types of glass. To do this, pH and conductivity 
was measured at 2, 4, and 7 days initially and then every seven days after that until all the 
samples were broken to obtain a better understanding of the leaching patterns. It should 
be noted that the number of days was taken with respect to the mixing day. Since the 
cubes were not introduced to the water bath until after 24 hours of curing, day one for 
leaching is the same as day two after mixing and so on. Compressive strength was 
measured at 7, 28, and 56 days to determine the strength loss from the dry to the wet 
samples. Solution samples were also collected at 7, 28, and 56 days to determine the Na+ 
concentration. Fractured and polished surfaces were analyzed, and the phases measured 
for composition.  
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It was thought that the glasses with the lowest Na/Al ratio would have the lowest 
conductivity, which would result in the least amount of strength loss between the dry 
samples to the wet sample. 
 
3.1.2 Phase II: Stoichiometric Design of Glass-Based Geopolymers 
Since soda lime container glass makes up most of all the ground glass (~90%), it was the 
focus of the remaining research (Industry News, 2016). A verified soda lime container 
glass from a materials recovery facility (MRF) was used throughout in this phase. The 
MRF glass was identified by the letter T. In the first part of phase II, mixtures were 
designed using metakaolin as a supplementary Al source along with varying activators to 
achieve the desired stoichiometric ratios. Based on the results of Phase I, it was found 
that leaching was indeed an issue, and that low early compressive strength was also found 
in the mixtures activated with 10M NaOH. The main goals of Phase II were to 
manipulate the mixture design to achieve a desirable early strength and maintain that 
strength over time through the elimination of leaching.  
 
It was determined from the first phase that not as many data points were needed for pH 
and conductivity. Instead, pH and conductivity were measured at 2, 4, 7, 28, and 56 days. 
Compressive strength and SEM secondary electron analysis on fractured and polished 
surfaces was performed at 7, 28, and 56 days.  
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3.2 Materials Selection and characterization 
This section discusses the material selection process and the compositional 
characterization of the source materials. Material characterization consisted of 
compositional analysis by X-ray fluorescence (XRF) to obtain the proportions and 
identify the major oxides.  
 
3.2.1 Glass 
Ground glass was obtained by contacting various glass recycling facilities for information 
and samples of their different waste streams. 17 different glass sources from nine 
different locations were collected for this research. Each glass was given its own 
identification letter and listed with the location of each glass and the type of waste stream 
the glass was reported to be. This information is provided in Table 3.1. The three 
different types of waste streams used in this research include consumer, industrial, and 
manufactured. Consumer glass is typically made up of soda-lime glass (container and 
plate), but can also be combined with different waste streams within the plant, causing 
the composition to vary. Industrial glasses come from a specific source and have different 
compositions than consumer glasses; generally, a higher Al content. Manufactured glass 
is a glass that is created to have a specific composition. A majority of the glass that is 
recycled is consumer glass. Each glass was sealed to prevent any contamination.  
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Table 3.1. Identification of glasses along with location obtained and type of waste 
stream. 
 
 
Glass ID Origin Location Waste Stream 
A Utah Consumer 
B New York Consumer 
C Tennessee Consumer 
D Tennessee Industrial 
E Ohio Consumer 
G Minnesota Consumer 
H Indiana Consumer 
J Missouri Consumer 
K Missouri Consumer 
L Missouri Consumer 
M Minnesota Consumer 
N Minnesota Consumer 
O Minnesota Consumer 
P Tennessee Consumer 
Q Tennessee Manufactured 
R Tennessee Industrial 
T Connecticut Consumer 
 
The reactivity of the glass is directly related to the particle size, so all of the glasses were 
ground to around the same size. It was decided that the target particle size of the glass 
should have at least 90% of the particles be less than 45 µm, with the median particle size 
between 8-14 µm and smallest 10% between 1.5-2.5 µm. To grind the glasses to the 
desired size, a ball mill was used with a blend of ½”, ¾”, and 1” steel charge. After 
running preliminary grinding tests, it was determined that approximately an hour of 
grinding would be required for each glass sample. Glass particles that were larger than 
400 µm were ground for an additional 30 minutes to ensure all samples met the target 
particle size range. After the grinding of the glasses was complete, particle size 
distribution (PSD) tests were performed in order to verify that all of the glasses fell 
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within the target range. All these PSDs are shown in Figure 3.1, where the outer red lines 
indicate the minimum and maximum target value. 
 
 
Figure 3.1. Particle size distribution of each glass sample where the red lines indicate 
the minimum and maximum desired distribution. 
 
After PSDs were ran, the elemental weight percent oxide composition of each glass was 
determined using XRF and a graphical representation of the compositional variation 
among the glasses is shown in Figure 3.2 and the values are shown in Table 3.2.  
 
 
 
 
 
0
10
20
30
40
50
60
70
80
90
100
1 10 100
C
u
m
u
la
ti
v
e 
V
a
lu
es
 (
%
)
Diameter (μm)
      48 
 
 
Figure 3.2. Visual representation of composition of 17 different glass sources by mass as determined by XRF. 
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Table 3.2. Composition of 17 different glass sources by mass as determined by XRF. 
Composition 
(% by mass) A B C D E G H J K L M N O P Q R T 
LOI 0.6 1.0 1.4 0.6 1.2 0.7 1.1 0.6 0.6 0.6 0.6 0.6 0.2 0.5 1.3 1.5 0.1 
H2O 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SiO2 72.9 72.8 69.8 65.4 72.3 72.7 65.7 73.5 74.1 72.9 73.1 73.2 73.2 64.3 61.3 72.2 68.7 
Al2O3 1.6 1.0 3.8 13.5 1.6 1.3 1.6 1.2 0.9 0.1 1.4 1.3 0.1 9.5 12.6 0.2 1.4 
Fe2O3 0.4 0.3 0.1 0.2 0.6 0.6 0.3 0.2 0.6 0.4 0.5 0.5 0.3 0.1 0.4 0.1 0.5 
CaO 11.3 8.0 8.6 7.6 11.1 11.5 6.9 10.1 11.5 9.8 11.4 11.1 9.6 6.3 21.9 10.0 9.0 
Na2O 10.9 11.9 11.0 5.6 10.4 10.8 8.8 11.5 10.6 11.4 10.9 11.0 11.4 10.9 0.8 11.1 13.2 
MgO 0.6 2.5 3.2 1.8 0.8 0.4 0.6 1.2 0.5 3.5 0.7 1.3 3.8 2.7 2.9 4.0 1.5 
SO3 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.3 0.1 0.1 0.2 0.2 0.0 0.2 0.1 
K2O 0.6 0.6 0.1 0.1 0.5 0.5 3.3 0.3 0.2 0.1 0.5 0.5 0.1 0.0 0.1 0.0 0.4 
TiO2 0.1 0.0 0.0 0.1 0.1 0.1 0.2 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.9 0.0 0.1 
P2O5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.8 0.1 0.1 0.0 
ZnO 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0 
Mn2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr2O3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 
SrO 0.0 0.5 0.0 0.3 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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When analyzing the composition of these glass samples, five oxides were considered 
above the others; these include SiO2, Al2O3, CaO, Na2O, and MgO. Figure 3.3 shows a 
visual representation of the varying composition of these main oxides. As stated 
previously, the oxides SiO2, Al2O3, CaO, and Na2O are special because they are the main 
constituents that relate to the final strength and durability of the geopolymer. Magnesium 
oxide, MgO, is also important to observe because it helps to distinguish between 
container and plate consumer glass. Glasses with higher MgO (~5%) are considered to be 
plate glasses whereas a lower MgO composition (~1.5% or less) is a container glass.  
 
 
 
Figure 3.3. Visual representation of varying composition of five main oxides in glass 
samples. 
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3.2.2 Supplementary Aluminosilicate Sources 
As discussed earlier, the Si/Al and Na/Al ratios in typical soda lime glass are in general 
much higher than what is typically considered acceptable for geopolymers. To lower the 
Na/Al ratio to a more acceptable range, a supplementary alumina source is required. 
Since metakaolin possesses a significant amount of alumina, 43.9% by mass, it was 
considered as a supplementary alumina source. High reactivity metakaolin was used for 
this research and Table 3.3 shows the composition as determined by XRF.  
 
Table 3.3. Composition of metakaolin by mass as determined by XRF. 
Composition 
(% by mass) Metakaolin 
SiO2 51.5 
Al2O3 43.9 
Fe2O3  0.4 
CaO 0.6 
Na2O  0.3 
MgO 0.1 
SO3  0.1 
K2O  0.2 
TiO2  1.4 
P2O5  0.1 
ZnO  0.0 
Mn2O3  0.0 
Cr2O3  0.0 
SrO 0.0 
LOI 1.6 
  
 
3.2.3 Activator Solution 
For Phase 1 of this research, 10M NaOH was used as the sole activator. NaOH was 
selected as the initial activator because of its frequent use and success in prior research, 
along with lower price and availability as an activator (Cyr et al., 2012; Lin, Shiu, Shie, 
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Cheng, & Hwang, 2012; Shi et al., 2012; Christiansen, 2013; Puertas & Torres-Carrasco, 
2014). Phase 2 considered two more activators, in addition to the NaOH, to attempt to 
achieve the desired stoichiometric ratios and to improve the overall mechanical 
performance of glass-based geopolymers. The other two activators used include sodium 
silicate (Na2SiO3) and calcium hydroxide [Ca(OH)2]. These activators were either mixed 
with one another or used as the sole activator in the mixture. The chemical composition 
of these activators is shown in Table 3.4. The NaOH activator solution was prepared by 
mixing the solid activator with deionized water to achieve the desired composition in the 
activator solution. 
 
Table 3.4. Composition of solid activators. 
Composition 
(% by mass) NaOH Na2SiO3 Ca(OH)2 
CaO 0.0 0.0 75.7 
SiO2 0.0 28.7 0.0 
Na2O 77.5 9.0 0.0 
H2O 22.5 62.3 24.3 
 
 
3.2.4 Sand 
The type of sand used to produce the mortars was silica sand in accordance with ASTM 
C778 – Standard Specification for Standard Sand (ASTM International, 2013).  
3.3 Mixture Design and Development 
For this research, mortar samples were used to better monitor the mixing process and 
binder in small batches, and to use the available materials more efficiently. Since a 
specific geopolymer mixture design does not exist, many variables need to be considered 
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when developing a mixture design. Even though there is a lot of literature available 
regarding geopolymers, only a select few go into great detail about mixture design, 
development and mixing procedures (Cyr et al., 2012; Christiansen 2013). This research 
uses a modified mixture design and procedure developed by Christiansen. Christiansen 
developed her mixture design and procedure through multiple trial and error attempts 
(Christiansen, 2013). This mixture design and procedure considers stoichiometry, mixture 
proportioning and water content, mixing procedure, and curing conditions, which are 
covered in this section.  
 
3.3.1 Stoichiometry 
The Si/Al and Na/Al ratios studied in this research vary with each individual mixture, 
since each source material and activator contribute varying amounts of Si, Al, and Na in 
the system. The first phase of this research considered 100% glass-based geopolymer 
mortars activated with 10M NaOH, so the starting stoichiometric ratios were not altered. 
The second phase will investigate the addition of an alumina source to the ground glass, 
along with varying the activator concentration and type, to get as close to the desired 
Na/Al ratio of 1 as possible.  
 
3.3.1.1 Phase I Stoichiometry 
The main goal of the initial testing was to observe how the different compositional 
variability affected the final leaching properties of the mortar samples. All the samples 
were prepared the same way with the only thing changing between mixtures was the 
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ground glass used, therefore the stoichiometric ratios were not altered throughout this 
process. For phase I, the Si/Al ratio ranged from 8-1,125 and the Na/Al ratio ranged from 
2-336. 
 
3.3.1.2 Phase II Stoichiometry 
Selecting a solid/activator ratio that will offer an adequate workability for proper 
consolidation offers an initial idea of what the stoichiometry of the mixture will be. Once 
this is decided on, various other parameters can be altered to achieve the desired 
stoichiometric ratios. Since glass has such a high Si content, it will be unlikely to achieve 
the desired Si/Al molar ratio of 2-5, therefore this research will focus on achieving a 
Na/Al ratio as close to 1 as possible. The main stoichiometric ratio this research considers 
is the Na/Al molar ratio, in an attempt to mitigate the alkali leaching present when the 
Na/Al > 1. The ideal Na/Al ratio is one, so for every negatively charged Al monomer, 
there is an alkali cation to balance its charge. When the Na/Al ratio exceeds unity, excess 
Na+ can create soluble sodium silicate phases or sodium carbonate on the surface of the 
material, which is believed to lower the mechanical performance of geopolymers (Shi, 
Chong, Hu, & Liu, 2015). An example of efflorescence on the surface of the mortar can 
be seen in Figure 3.4.  
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Figure 3.4. Apparent efflorescence caused by excess sodium oxide remaining in 
unreacted material. 
 
3.3.2 Mixture Proportioning and Water Content 
The mixture proportions used in this research were based on those used by Cyr et al. and 
Christiansen in their research on glass-based geopolymers (Cyr et al., 2012; Christiansen 
2013). Both Cyr and Christiansen used a 3:1 ratio of sand to glass and a 2:1 ratio for glass 
to activator solution, both by mass. This was found to create a workable mixture when 
coarser glass was used, however, when finer glasses and metakaolin were introduced, the 
water demand was increased.  
 
Water content is a very important parameter in mixing glass geopolymers. There needs to 
be enough water for dissolution to occur, and enough so that ionic transport can occur in 
order to react all the material. Too much water however, can result in a porous 
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microstructure, which will in the end decrease the physical properties and durability. It 
should be noted that the water/cement (w/c) ratio typically used in PC concrete is slightly 
different than the water/solids (w/s) ratio used in geopolymers. To calculate the w/s ratio, 
the water portion includes not only the activator solution and extra water for mixing, but 
also the mass of the water in the solid activator (i.e. mass of water in NaOH flake). The 
solids portion includes the mass of glass, metakaolin, and the non-water elements in the 
solid activators (i.e. Na2O in NaOH flake).  
 
It was decided to base the water content on a consistent flow, since replacing glass with 
other materials with a different particle size distribution, particle shape, specific surface 
area, or specific gravity, could have a drastic effect on the water demand. For example, 
due to the increased fineness, higher surface area, and lower specific gravity of 
metakaolin particles, metakaolin requires a much higher water demand then glass 
(Christiansen, 2013).  
  
3.3.3 Mixing Procedure 
Distilled water was used to create the NaOH activator solutions, which were prepared at 
least 24 hours in advance of mixing to allow time for the solution to cool to room 
temperature. Extra distilled water for mixing (workability) was also stored in the mortar 
mixing laboratory at least 24 hours in advance so that it would reach room temperature in 
time for mixing. On mixing days, all of the materials used were weighed to the proper 
amount and placed in separate mixing bowls.  
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The mortars were first prepared by pre-blending the dry ingredients in a Hobart A-20C 
mixer, shown in Figure 3.5, for two minutes on the lowest mixing setting, then adding the 
activator solution slowly over one minute. The mixture was then allowed to mix for three 
minutes, at which time enough extra water was added over one minute to make a 
workable paste. The extra water was not mixed with the activator solution in order to 
allow the full effect of the activator to work on dissolving the source materials. At this 
point, the mixer was stopped, and the sides of the bowl were scraped to ensure everything 
was being mixed uniformly. Next, the mixer was turned back on and allowed to mix for 
one minute. Sand was then added slowly over two minutes, at which time any other extra 
water was added to the mixture. The entire mixture was allowed to mix for two minutes 
on the low speed setting and then an additional three minutes on the medium speed 
setting. 
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Figure 3.5. Hobart A-20C mixer. 
 
3.3.3.1 Fresh Properties 
Following the mixing, the temperature was taken three times by a MiniTemp gun and the 
average temperature was recorded. Fresh mortar flow was measured in accordance with 
ASTM C1437 – Standard Test Method for Flow of Hydraulic Cement Mortar using a 
drop table and the diameter was recorded (ASTM International, 2015). Unit weight was 
measured using three 2x4 inch plastic cylinders. The flow table test and unit weight cups 
are shown in Figure 3.6. 
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a) Flow table test b) Unit weight setup 
Figure 3.6. Fresh property tests conducted on geopolymer mortars. 
 
3.3.3.2 Cube Preparation 
Following the fresh property testing, 2x2 inch plastic cube molds were prepared in 
accordance with ASTM C109 – Standard Test Method for Compressive Strength of 
Hydraulic Cement Mortars (ASTM International, 2016). The cube molds were filled in 
two lifts, tamped, and the tops were struck flat, as shown in Figure 3.7. The cube molds 
were then placed into a sealed container for curing.  
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Figure 3.7. Cube molds after the tops were struck flat. 
 
3.3.4 Curing and Demolding 
All of the cube specimens were cured in a sealed container with open water available at 
the designated temperature of 80˚C for 24 hours. Following thermal curing, the 
specimens were demolded and labeled immediately. Half of the specimens were then 
placed in an environmental chamber kept at a constant temperature of 23˚C and a relative 
humidity of 95% until they were ready to be tested for compressive strength. The 
remainder of the specimens were placed in individual containers filled with distilled 
water immediately after demolding to begin the static leaching tests. Figure 3.8 shows the 
inside and outside of the curing container used for maintaining the desired curing 
conditions.  
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a) inside b) outside 
Figure 3.8. Curing conditions used to maintain desired curing conditions. 
 
3.4 Leaching Properties  
This research investigated the conductivity, pH, and composition of the water the 
specimens were stored in to obtain a better understanding of leaching properties of glass-
based geopolymers. 
 
The main leachate in geopolymers is believed to be Na+ in geopolymers, where the 
Na/Al ratio is greater than one. This is believed to contribute to the strength loss of 
samples introduced to water (Shi, Chong, Hu, & Liu, 2015). Since Na+ is a cation, it is 
conductive and allows electricity to flow through a solution. Measuring conductivity 
gives a general understanding of how many Na+ ions are present in the solution. 
However, other ions are present in geopolymer solutions and are conductive as well so 
measuring conductivity alone is not representative of the Na+ content in the solution, 
which is why pH measurements also need to be taken. Solution samples were collected 
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whenever the cubes were removed from their bath so compositional analysis could be 
conducted. Inductively coupled plasma optical emission spectrometry (ICP-OES) was 
conducted on the collected solution samples to determine the chemical elements present. 
ICP-OES uses the inductively couple plasma source to excite atoms and ions and emit 
electromagnetic radiation wavelengths. Each element has a particular wavelength 
characteristic and the intensity of the wavelength indicates the concentration in the 
solution. 
 
Mortar cube samples were placed in a container that was filled with 250mL of deionized 
water after being demolded. These containers were stored in ambient conditions to 
observe the static leaching properties. Conductivity and pH were measured at various 
days using a PCSTestr 35, as shown below in Figure 3.9. Solution samples were collected 
prior to removal of the samples for compressive strength test. The samples were then 
filtered and stored in a refrigerator until compositional testing could be conducted.  
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Figure 3.9. PCSTestr 35 used for measuring pH and conductivity of a solution. 
 
3.5 Compressive Strength 
Compressive strength testing was performed on both the samples not exposed to a water 
environment, or the “dry” samples, and the samples exposed to a water environment, or 
“wet” samples, to determine if there were any strength loss changes between the two 
environments. Compressive strength was measured on 2x2 inch cubes in accordance with 
ASTM C109 – Standard Test Method for Compressive Strength of Hydraulic Cement 
Mortars (Using 2-in. or [50-mm] Cube Specimens) and the average of 3 samples was 
reported (ASTM International, 2016). Each sample was weighed and measured prior to 
testing. The sample was then loaded into a hydraulic press and leveled with the top 
contact surface, as shown in Figure 3.10. The load was then applied at a rate of 200-300 
lb/s and the peak load was recorded at failure. 
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Figure 3.10. Compressive strength testing set up. 
 
3.6 Microstructural Characterization 
The reason concrete fails are hardly ever due to the lack of compressive strength, but 
rather due to unexpected loading or material related distresses. To obtain a better 
understanding of the geopolymer samples, the microstructure, morphology, and chemical 
composition of the reaction products were observed. Scanning electron microscopy 
(SEM) and energy dispersive x-ray spectroscopy (EDS) were used to observe the 
morphological and compositional variations in the specimens between the various 
mixtures. Analysis was performed by secondary electron imaging (SEI) on fractured 
surfaces and EDS was performed on polished surfaces. Electron microscopy was carried 
out on a JEOL JSM-6490LV, as shown in Figure 3.11.  
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a) JEOL JSM-6490LV b) Inside JEOL JSM-6490LV 
Figure 3.11. JEOL JSM-6490LV and the samples placed inside. 
 
3.6.1 Secondary electron imaging 
Secondary scanning electron imaging of specimens allows for a magnified view of the 
fractured surface of the mortars. Using a scanning electron microscope, a focused beam 
of electrons scans the surface of the sample. The electrons interact with the atoms in the 
sample, dislodging secondary electrons on the surface, which are captured by a secondary 
electron detector. The scattered electrons give the computer information about the 
samples topography, allowing the microscope to produce an image from the signal and 
the beams position. The homogeneity, or lack thereof, of the geopolymer was visible as 
well as the presence of unreacted particles. Secondary electron imaging was performed at 
a working distance of 10mm and an accelerating voltage of 15kV.  
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3.6.2 Energy dispersive X-ray spectroscopy 
Compositional analysis was performed using energy dispersive X-ray spectroscopy on 
the various phases and unreacted particles in the mortars. To determine the composition 
of the sample, the scanning electron microscope shoots an electron beam at a selected 
spot on the sample. When the electron beam hits the sample, electrons in the sample 
atoms can become excited and shift, which results in the emission of an X-ray. The 
number and energy of the X-rays emitted are detected by an energy-dispersive 
spectrometer and used indicate the elemental composition of the sample spot. In this 
research, EDS was used to understand the composition of the phases present and to verify 
the presence of unreacted particles based on their composition. EDS was performed at a 
10mm working distance with a 15kV beam and a dead time of about 30%.  
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4 Results and Discussion 
This research was performed in two main stages. The results of each phase are presented 
in a separate subsection of this chapter and include information on mixture design, and 
results and discussion of analysis performed.  
 
Each phase focuses on the static leaching properties, compressive strength, 
microstructure and composition of the mortars. Additional leachate analysis was 
conducted to help understand alkali leaching trends and to provide additional information 
on how these effects the mechanical properties of the mixtures. 
4.1 Phase 1: Investigation of Glass-Based Geopolymers 
The first phase of testing began with an exploration of determining how many data points 
to collect for static leaching analysis because not much was known regarding the leaching 
properties of geopolymers. Static leaching properties were measured at 2, 4, and 7 days in 
the early life of the samples, and every week after that until 56 days was reached. 
Compressive strength was measured at 1, 7, 28, and 56 days for the dry cured samples 
and 7, 28, and 56 days for the wet cured samples to compare strength loss. Based on the 
compressive strength results, four glass mixtures were selected for microstructural and 
leachate solution analysis. The mixtures selected include B-N, D-N, P-N, and R-N. The 
mixture B-N was selected because it resembled a typical soda lime container glass that 
would be found in a consumer waste stream. D-N was selected because it had the lowest 
Na/Al ratio of the consumer glasses. P-N was selected because it had a lower Na/Al ratio 
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(Na/Al = 3.80), but still exhibited strength loss from dry to wet samples so further 
examination was needed. Finally, R-N was selected because it most resembled a typical 
soda lime plate glass. Fractured surfaces of the selected mortars were prepared for SEI 
and quantitative microanalysis by EDS on polished surfaces was used to determine the 
composition. Due to low material strength, polished sections could not be made for the B-
N mixture. Also, solution samples for selected mortars were collected and prepared at 7, 
28, and 56 days for ICP-OES to determine the elemental composition in the leachate 
solution.  
 
4.1.1 Mixture Design 
For Phase 1, 16 waste glasses were activated with 10 M NaOH. This concentration of 
NaOH was selected since it is commonly used with other types of geopolymers (Cyr et 
al., 2012; Lin, Shiu, Shie, Cheng, & Hwang, 2012; Shi et al., 2012; Christiansen, 2013; 
Puertas & Torres-Carrasco, 2014). Curing was performed at 80˚C, which represents a 
common curing temperature for geopolymers (Christiansen, 2013). The samples were 
heat cured for 24 hours and then stored in ambient curing conditions for the dry samples 
or immersed in DI water for the wet cured samples until the time of testing. For the 
samples stored in ambient curing conditions, relative humidity was kept at 95% at all 
times to avoid any shrinkage or cracking due to drying. A moderate curing time of 24 
hours was selected to allow adequate time for the geopolymerization reaction to occur 
while staying in the bounds of what may be realistic for precast members.  
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The naming convention for the Phase 1 mortar samples is as follows: the first letter of the 
name represents the glass identity and the second letter, N, represents the NaOH activator 
used. 
 
4.1.1.1 Stoichiometry 
Mortars were prepared using a 3:1:0.5 ratio of sand to aluminosilicate to activator 
solution by mass. The relevant molar ratios of the unreacted bulk geopolymer are shown 
in Table 4.1. For all 16 mixtures, the molar ratios varied dependent on the varying 
amounts of Si, Al, Na, and Ca in the different glasses.  
 
Table 4.1. Molar ratios calculated using the values measured by XRF of the unreacted 
bulk geopolymer in Phase 1 mixtures. 
Mixture ID Na/Al Si/Al Ca/Si 
A-N 22.88 76.85 0.17 
B-N 39.20 126.00 0.12 
C-N 9.62 31.43 0.13 
D-N 2.04 8.25 0.12 
E-N 22.45 76.72 0.16 
G-N 29.15 98.74 0.17 
H-N 22.81 70.13 0.11 
J-N 32.60 108.49 0.15 
K-N 39.89 139.74 0.17 
L-N 335.97 1124.69 0.14 
M-N 27.12 91.86 0.17 
N-N 28.96 97.75 0.16 
O-N 307.36 1034.65 0.14 
P-N 3.80 11.49 0.11 
Q-N 1.55 8.23 0.38 
R-N 152.36 510.25 0.15 
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Figure 4.1 shows the relationship between the Si/Al and Na/Al molar ratios for each 
mixture. It can be seen that the relationship between Si/Al and Na/Al is linear. This is 
because as the Al content decreases, both the Na/Al and Si/Al ratio will increase at the 
same rate since they both have Al in the denominator.  
 
 
Figure 4.1. Si/Al vs. Na/Al for mixtures in Phase 1.  
 
4.1.1.2 Fresh Properties 
All 16 mixtures varied in paste color dependent on the original color of the glass source. 
The flow varied between each mixture based on the slight changing of variables, such as 
glass particle size, which was to be expected. Since all of the mixtures were 100% waste 
glass with very similar particle size, water content was kept consistent to try and achieve 
the same water to solids ratio of each mixture. Flow was measured as an indication of the 
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mixtures in Phase 1 including water/solids ratio. All of the reported values are based on 
the average of three measurements. Since all of the glasses used were close to the same 
fineness and all made of 100% glass, the fresh properties were all very similar.  
 
Table 4.2. Fresh Properties of the mixtures in Phase 1. 
Mixture ID 
Water/Solids 
ratio 
Flow (%) 
Temperature 
(°F) 
Unit Weight 
(g/cm3) 
A-N 0.499 82 74.0 2.07 
B-N 0.500 89 74.0 2.11 
C-N 0.499 82 74.0 2.15 
D-N 0.501 95 74.0 2.13 
E-N 0.501 70 73.0 2.07 
G-N 0.500 74 73.0 2.15 
H-N 0.500 89 73.0 2.12 
J-N 0.501 95 73.0 2.14 
K-N 0.501 85 70.0 2.14 
L-N 0.500 82 70.0 2.11 
M-N 0.499 89 70.0 2.15 
N-N 0.500 95 70.0 2.09 
O-N 0.499 78 73.0 2.13 
P-N 0.499 82 74.0 2.14 
Q-N 0.500 76 72.0 2.16 
R-N 0.501 89 74.0 2.16 
 
 
4.1.2 Static Leaching Analysis 
To determine the leaching properties of the mixtures, both pH and conductivity 
measurements were taken throughout the first 56 days to have a better understanding of 
the rate of leaching. pH tests were conducted to help determine the relative amount of 
hydroxide anions that were not bound within the structure and leached out into DI water 
bath. Conductivity tests were conducted to help determine the relative number of cations 
and anions (predominately Na+) that were not bound within the structure and leached out 
into the solution. Since it is believed that the main leachate product is Na+, any large 
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differences in the conductivity would be caused by the sodium ion. Since there has been 
little research conducted on the leaching properties of waste-glass geopolymers, there are 
a lot of unknowns regarding how the pH and conductivity will change over time. For the 
static leaching analysis in Phase 1, data was collected at 0, 2, 4 and 7 days over the first 
week and every 7 days after that until 56 days to obtain a better understanding of the 
leaching properties of waste glass-based geopolymers.  
 
4.1.2.1 pH 
The measured pH values of all 16 mixtures is shown in Figure 4.2. After the samples 
were introduced to the DI water bath, the pH significantly increased to a range of 11.85-
12.25 and fluctuated up and down until the samples were removed at 56 days. This 
fluctuation could have been the result in the change of temperature in the room that the 
samples were stored. There was no apparent correlation between the pH measured and 
the Na/Al ratio of the mixture or compressive strength. 
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Figure 4.2. Measured pH values of solution samples in Phase 1. 
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4.1.2.2 Conductivity 
The measured conductivity values of all 16 mixtures is shown in Figure 4.3. All of the 
mixtures exhibited a similar trend of increasing rapidly early on and then staying steady 
until 56 days, except for two of the mixtures having a significantly lower conductivity. 
These two mixtures were D-N and Q-N mixtures. As expected these were the mixtures 
with the lowest bulk Na/Al ratio, with 2.04 and 1.55 respectively. The mixture with the 
next lowest Na/Al ratio was the P-N mixture (Na/Al = 3.80), but it had a higher 
conductivity reading like the other glasses with a higher Na/Al ratio. Since conductivity 
only gives a relative understanding of the quantity of Na+ leached out, leachate analysis 
in the form of ICP-OES was performed to determine if this hypothesis is true. Also to 
note is that after 7 days, the conductivity in all of the mixtures started to level off. This 
could indicate that after 7 days most of the ions had already leached out of the samples or 
that the solution reached an equilibrium state between the sample and the solution where 
no more ions could be introduced into the solution.   
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Figure 4.3. Measured conductivity values of solution samples in Phase 1. 
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4.1.3 Compressive Strength 
4.1.3.1 Dry Samples 
The strength profile of the dry cured samples is shown in Figure 4.4. At 56 days, none of 
the mixtures had very high compressive strength. Mixture Q-N had the highest 
compressive strength. This is believed to be due to the fact that it is a manufactured glass 
with a higher calcium content, which could have led to some hydration reactions 
occurring. Mixtures D-N and QN were the only glasses to gain strength from 7 days to 56 
days. It is believed that the strength gain over time was significant for the Q-N mixture 
because of its high calcium content. As time progressed, the hydration process was still 
occurring creating more C-S-H gel which in turn gave the mixture more strength. The 
remainder of the glass mixtures gradually lost strength, which was believed to be due to 
the alkali leaching over the lifespan of the samples. Even though the glasses that were not 
placed in a DI water bath, the humidity in the air provided a medium for leaching to still 
occur, but just at a slower rate as compared to the samples placed in a DI water bath.  
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Figure 4.4. Compressive strength profile of dry cured samples in Phase 1. 
 
 
0
500
1000
1500
2000
2500
3000
3500
4000
0 7 14 21 28 35 42 49 56
C
o
m
p
re
ss
iv
e 
S
tr
en
g
th
 (
p
si
)
Time (days)
A-N B-N C-N D-N E-N G-N H-N J-N
K-N L-N M-N N-N O-N P-N Q-N R-N
      78 
4.1.3.2 Wet Samples 
A comparison of dry to wet compressive strengths can be seen in Figure 4.5 and a closer 
look for the selected mortar samples in Figure 4.6. At 7 days, all of the mixtures lost 
strength from the dry to wet cured samples. For the remainder of the time, all of the 
mixtures, except the D-N mixture, showed a strength loss when comparing the dry to wet 
cured samples. The D-N mixture wet sample had a higher strength than the dry sample 
for both 28 and 56 days. With regard to the relationship between alkali leaching and 
compressive strength, this mixture had a bulk Na/Al of 2.04 and exhibited no signs of 
efflorescence or alkali leaching. Based on the data, it appears that the Na/Al 
stoichiometric ratio has a large effect on the compressive strength loss from a dry cured 
sample to a wet cured sample and maintaining a Na/Al ratio of about 2 will result in 
minimal to no strength loss over time. It is believed the Q-N mixture gained strength 
from wet 7-day to wet 28-day due to the hydration process still occurring over time until 
there is no more room for the C-S-H gel to form. 
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Figure 4.5. Comparison of compressive strength for dry and wet cured samples in Phase 1. 
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Figure 4.6. Comparison of compressive strength for dry and wet cured samples of 
selected glasses for Phase 1.  
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the highest Na solution concentration. This could have been caused by the sodium in 
solution reaching a saturated state since there were other elements leaching out of the 
system as well or could have been because the air void structure formed in the R-N 
mixture didn’t create a connective path for all the Na+ to transport out of the matrix, so it 
was trapped within the matrix.  
 
 
Figure 4.7. Na concentration of solution samples of selected glasses for Phase 1 over 
time. 
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Figure 4.8. Na concentration in solution compared to wet compressive strength of 
selected glasses for Phase 1.  
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Figure 4.9. Na concentration in solution compared to conductivity of solution of 
selected glasses for Phase 1.  
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Figure 4.10. Secondary electron imaging of fracture surfaces of B-N glass with dry 
(left) and wet (right) samples (Na/Al = 39.20).  
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Figure 4.11. Secondary electron imaging of fracture surfaces of D-N glass with dry 
(left) and wet (right) samples (Na/Al = 2.04).  
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Figure 4.12. Secondary electron imaging of fracture surfaces of P-N glass with dry 
(left) and wet (right) samples (Na/Al = 3.80).  
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Figure 4.13. Secondary electron imaging of fracture surfaces of R-N glass with dry 
(left) and wet (right) samples (Na/Al = 152.36).  
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The microstructure between all the mixtures was very similar which was expected since 
100% glass was used throughout. Unreacted glass particles could be found throughout all 
of the samples. However, the microstructure of the D-N mixtures, which had the lowest 
Na/Al ratio, resulted in the most continuous microstructure through 56 days and exhibited 
very little signs of shrinkage. The remaining mixtures microstructure exhibited signs of 
severe shrinkage and the cracks formed around the aggregate and unreacted glass, which 
could indicate a weak bond between the binder and aggregate. The microstructure of the 
P-N mixture appeared to be continuous and have minimal cracks at 7 days, but as time 
progressed, the cracks became larger and the binder seemed to disappear which lead to its 
significant strength loss. Fracture surfaces can be deceiving though and much more 
information is revealed in the next section covering the polished cross-sections. 
 
Secondary electron imaging on fracture surfaces also revealed the presence of 
morphologically crystalline phases. Zeolites, which can form from the presence of 
alumina and silica in higher temperatures and liquid-rich environments, were found in air 
voids of the D-N and P-N mixtures and can be seen in Figure 4.14. More zeolites were 
observed in the wet specimens than the dry which is to be expected because less liquid 
was present in the dry samples.  
      89 
  
Figure 4.14. Zeolites formed in air voids of D-N (left) and P-N(right) mixtures at 28 
days of wet specimens. 
 
 
In the wet B-N mixture at 7 days, another crystalline phase was found within an air void, 
which is shown in Figure 4.15. The star-shaped phase was only found in the mixture, and 
it is unknown if this phase exists within the matrix or if they just formed on the surface 
inside the air voids.  
 
 
Figure 4.15. Crystalline phase found in air void of wet B-N mixture at 7 days. 
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4.1.5.2 Polished Cross-Section Analysis 
Polished cross sections were analyzed on the selected mortars using SEI on 7, 28, and 56-
day old samples. As discussed before, microstructural analysis was not done on the B-N 
sample because polished sections could not be made due its low material strength. The 
elemental composition of the geopolymer reaction product was identified by EDS 
microanalysis on the polished sections. The microanalysis was done on the selected 
mortars for the 7, 28, and 56-day samples. A minimum of 6 spots were analyzed on each 
sample and images and statistics on the EDS analysis can be found in Appendix A.  
 
4.1.5.2.1 D-N  
Figure 4.16 shows the comparison of the secondary electron images of the dry and wet 
samples for the D-N mixture. Table 4.3 shows the resulting average molar ratios in the 
geopolymer product measured by EDS microanalysis. Figure 4.17 shows the 
corresponding bar chart.  
 
Similar to the secondary electron images of the fractured surfaces, the microstructure 
seemed more uniform with very little shrinkage cracks. The gaps in the polished sections 
between the binder and aggregate were smaller than the other mixtures as well. The 
overall microstructure had very little to no change between the dry and wet samples 
which could cause the minimal strength loss and, in some cases, strength gain. As seen in 
the wet samples, as time progressed, the Na/Al ratio decreased leveling off after 7 days. 
This is consistent with the conductivity data where it seems that after 7 days, most of the 
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ions had already leached out of the samples or the solution reached an equilibrium state 
between the sample and the solution where no more ions could be introduced to the 
solution. Some of the data does not follow the pattern predicted, but has a large deviation 
meaning that some of the selected spectrum points could have been an element rich area 
that doesn’t necessarily correlate to the surrounding binder. These rich areas could have 
been caused by uneven dissolution during the geopolymerization process.  
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Figure 4.16. Secondary electron imaging of polished surfaces of D-N glass with dry 
(left) and wet (right) samples (Na/Al = 2.04).  
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Table 4.3. Means and standard deviation for measured molar ratios of D-N samples for 
Phase 1 (Na/Al = 2.04). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 1.78 2.09 4.20 0.81 1.54 0.67 
Std. Dev. 0.54 1.62 3.80 0.06 0.64 0.60 
Si/Al 12.96 18.91 21.65 7.76 14.46 21.66 
Std. Dev. 3.43 12.01 24.70 0.57 10.85 31.23 
Ca/Si 0.17 0.14 0.19 0.14 0.13 0.15 
Std. Dev. 0.03 0.04 0.03 0.04 0.01 0.04 
 
 
 
 
Figure 4.17. Measured Molar Ratios of D-N samples for Phase 1 (Na/Al = 2.04). 
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4.1.5.2.2 P-N  
Figure 4.18 compares the secondary electron images of the dry and wet samples for the 
P-N mixture and Table 4.4 shows the corresponding average molar ratios in the 
geopolymer product measured by EDS microanalysis. Figure 4.19 shows the 
corresponding bar chart.  The microstructure of the polished cross-section exhibited more 
shrinkage cracks and darker areas indicating more voids and resulted in a lower 
compressive strength. The dry 7-day sample had the least number of dark spots which 
correlates to its higher strength compared to the other P-N samples. Once again values 
seemed to follow a general pattern with the outlying values having a large deviation. 
Taking the large deviation into consideration, the Na/Al ratio decreases as time increases 
leveling off after 7 days just like the other EDS and conductivity data. This once again 
indicates that leaching of Na+ occurs early on in the samples, but at some point after 7-
days becomes very minimal.   
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Figure 4.18. Secondary electron imaging of polished surfaces of P-N glass with dry 
(left) and wet (right) samples (Na/Al = 3.80).  
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Table 4.4. Means and standard deviation for measured molar ratios of P-N samples for 
Phase 1 (Na/Al = 3.80). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 1.54 1.44 3.39 3.62 5.61 3.36 
Std. Dev. 0.87 6.46 1.42 2.26 6.63 3.17 
Si/Al 11.13 9.26 33.42 53.95 55.90 52.49 
Std. Dev. 5.01 54.54 15.43 37.42 68.83 57.16 
Ca/Si 0.12 0.14 0.15 0.15 0.16 0.14 
Std. Dev. 0.03 0.03 0.04 0.07 0.02 0.02 
 
 
 
 
Figure 4.19. Measured Molar Ratios of D-N samples for Phase 1 (Na/Al = 3.80). 
 
 
 
 
 
 
0
20
40
60
80
100
120
140
Dry Wet Dry Wet Dry Wet
7-Day 28-Day 56-Day
Na/Al Si/Al Ca/Si
      97 
4.1.5.2.3 R-N 
Figure 4.20 shows a side-by-side comparison of the secondary electron images of the dry 
and wet samples for the R-N mixture and Table 4.5 shows the corresponding average 
molar ratios in the geopolymer product measured by EDS microanalysis. Figure 4.21 
shows the corresponding bar chart. After polishing the samples, it can be seen that the 
microstructure had larger cracks resulting in its lower compressive strength, but it also 
was more smooth and dense than the other samples indicating that there is a higher Si 
content (Christiansen, 2013). The high Si content can be verified with EDS by showing 
that the R-N mixture had the highest Si/Al ratio. This is because R-N is a plate glass with 
less than 1% Al2O3 initially which also made it difficult for EDS to detect the final Al 
content as shown in Appendix A. Since Al was hard to detect in the binder system, it was 
hard to see any trends in the Na/Al ratio because some of these values are only based off 
of one spectrum.  
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Figure 4.20. Secondary electron imaging of polished surfaces of R-N glass with dry 
(left) and wet (right) samples (Na/Al = 152.36).  
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Table 4.5. Means and standard deviation for measured molar ratios of R-N samples for 
Phase 1 (Na/Al = 152.36). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 17.85 5.32 10.52 25.82 23.61 7.67 
Std. Dev. 8.64 1.09 - - - 2.88 
Si/Al 277.28 98.59 257.34 630.41 408.04 375.88 
Std. Dev. 122.41 18.54 - - - 176.77 
Ca/Si 0.23 0.18 0.23 0.15 0.15 0.19 
Std. Dev. 0.02 0.01 0.04 0.05 0.04 0.05 
 
 
 
 
Figure 4.21. Measured Molar Ratios of R-N samples for Phase 1 (Na/Al = 152.36). 
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4.2 Phase 2: Stoichiometric Design of Glass-Based Geopolymers 
The second phase of testing considered a new set of mortar mixtures that addressed the 
issue of practical upper bounds of a Na/Al ratio and a low early strength in glass 
geopolymers. Phase 2 explored the effects of replacing varying amounts of glass with 
alumina and/or calcium in the form of metakaolin or calcium hydroxide. This effectively 
increased the alumina content in the mixtures, resulting in a lower Na/Al ratio that is 
deemed more acceptable in geopolymers.  
 
As in Phase 1, static leaching properties and compressive strength were measured, and 
microstructural characterization and phase composition were also investigated as well. 
Due to the patterns observed in Phase 1, static leaching properties were measured at 2, 4, 
7, 28, and 56 days. Compressive strength was measured at 1, 7, 28 and 56 days for the 
dry cured samples and 7, 28, and 56 days for the wet cured samples to observe strength 
loss in water. Polished section samples of all of the mortars were prepared for SEI and 
quantitative microanalysis by EDS to determine the composition. Due to low material 
strength, polished sections could not be made for the T-N and T25MK-S mixtures. 
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4.2.1 Mixture Design 
Mortars were prepared using a typical soda-lime container glass and different 
replacements of metakaolin and/or calcium hydroxide to create a binary or ternary 
mixture. Glass replacement rates past 50% were not considered, as the purpose of this 
research was to explore glass-based geopolymers. Metakaolin was replaced at 25% of the 
solid mass because it decreased the Na/Al ratio to a more acceptable range. The addition 
of more than 25% metakaolin was not considered because the mixture became sticky and 
hard to work with, which is not practical for real world applications. Replacement rates of 
15% and 25% of calcium hydroxide were used to add more calcium to the system to 
increase the compressive strength of the mixtures by forming C-S-H gel. For Phase 2, 
half of the mixtures were activated with 10M NaOH, and the other half were activated 
with a 1:1 NaOH to Na2SiO3. Na2SiO3 was used because it has readily available silica, 
which was believed to speed up the geopolymerization process resulting in a higher 
compressive strength. All of the mixtures were cured at 80˚C for 24 hours. Mixtures were 
named according to the amounts of each source material used and the activator used, 
where T25MK15Ca-N means glass T replaced with 25% metakaolin and 15% calcium 
hydroxide by mass and activated with NaOH. Mixtures ending with an “S” indicate that 
the mixture was activated with a 1:1 NaOH to Na2SiO3 mixture by mass. It should be 
noted that a T25MK25Ca-S was not made because the T25MK15Ca-S set too rapidly in 
the mixer, making this mixture impractical for this application. The ingredients in each of 
the mixtures in Phase 2 are shown in Table 4.6.  
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Table 4.6. Mixture ID for mortars in Phase 2 with percentages of binder given by mass. 
Mixture ID T Glass Metakaolin (MK) Calcium Hydroxide (Ca) 
T-N 100% 0% 0% 
T25MK-N 75% 25% 0% 
T25MK15Ca-N 60% 25% 15% 
T25MK25Ca-N 50% 25% 25% 
T-S 100% 0% 0% 
T25MK-S 75% 25% 0% 
T25MK15Ca-S 60% 25% 15% 
 
 
4.2.1.1 Stoichiometry 
Mortars were prepared using a 3:1:0.5 ratio of sand to aluminosilicate to activator 
solution by mass respectively. The relevant molar ratios of the unreacted bulk 
geopolymer are shown in Table 4.7. The mixtures were designed to have a Na/Al ratio 
close to 2 with the 100% glass mixtures being the controls.  
 
Table 4.7. Molar ratios of the unreacted bulk geopolymer in Phase 2 mixtures.  
Mixture ID Na/Al Si/Al Ca/Si 
T-N 29.07 84.05 0.14 
T25MK-N 2.90 9.09 0.11 
T25MK15Ca-N 2.68 7.78 0.33 
T25MK25Ca-N 2.51 6.86 0.53 
T-S 25.14 92.89 0.13 
T25MK-S 2.46 10.11 0.10 
T25MK15Ca-S 2.22 8.80 0.30 
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4.2.1.2 Fresh Properties 
Replacing glass with other materials not only affected the molar ratios of the mixtures, 
but also the water demand as well. The sheet-like structure of the metakaolin particles 
significantly increased the water demand when it replaced the glass. Water content was 
adjusted as needed to achieve an adequate workability. Flow was found not to be an 
indication of workability as some mixtures with lower flow still exhibited good 
workability. Fresh properties and water/solids ratios for each mixture are shown in Table 
4.8. The mixtures containing metakaolin had a higher temperature immediately after 
mixing than the rest of the mixtures, indicating a reaction beginning earlier.  
 
Table 4.8. Fresh Properties of the mixtures in Phase 2. 
Mixture ID 
Water/Solids 
ratio 
Flow (%) 
Temperature 
(°F) 
Unit Weight 
(g/cm3) 
 
T-N 0.499 90 75.2 1.93  
T25MK-N 0.515 59 82.7 1.99  
T25MK15Ca-N 0.515 38 84.8 2.01  
T25MK25Ca-N 0.526 46 83.7 1.99  
T-S 0.501 63 78.4 2.02  
T25MK-S 0.514 68 80.2 2.02  
T25MK15Ca-S 0.514 60 78.8 1.97  
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4.2.2 Static Leaching Analysis 
Similar to Phase 1, both pH and conductivity tests were carried out to help give an 
understanding of the leaching properties in the mixtures for Phase 2. It was determined 
that fewer data points needed to be collected as compared to Phase 1 to get the general 
understanding of the leaching properties. Data was collected at 0, 2, 4, 7, 28 and 56 days 
for both pH and conductivity tests. 
  
4.2.2.1 pH 
The measured pH values in Phase 2 is shown in Figure 4.22. Similar to Phase 1, the pH 
significantly increased to the range of 11.53-12.24 at 1-day and then only changed 
slightly until the samples were removed at 56 days. No correlation between the pH values 
and the Na/Al ratio or compressive strength was observed. 
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Figure 4.22. Measured pH values of solution samples in Phase 2. 
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4.2.2.2 Conductivity 
The measured conductivity values in Phase 2 can be seen in Figure 4.23. The two control 
mixtures (T-N and T-S) had the highest conductivity compared to the other mixtures with 
the same activator; however, all of the NaOH mixtures surpassed the conductivity of the 
T-S mixture. Another thing to note is that the conductivity doesn’t increase as the bulk 
Na/Al ratio increases for some mixtures. Also after 7 days, the conductivity does not 
increase as much which could indicate that most of the ions had already leached out of 
the samples or the solution reached an equilibrium state where no more ions could be 
introduced to the solution. These results coincide with the conductivity results obtained 
from the Phase 1 tests.  
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Figure 4.23. Measured conductivity values of solution samples in Phase 2. 
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4.2.3 Compressive Strength 
4.2.3.1 Dry Samples 
The strength profile of the dry cured samples is shown in Figure 4.24. All of the NaOH 
mixtures blended with other binder materials exhibited higher compressive strengths than 
the NaOH control mixture. Mixtures activated with sodium silicate exhibited the highest 
strengths, with the precursor (T-S) having the greatest strength of 3,170 psi at 7 days. 
However, the sodium silicate control mixture (Na/Al = 25.14) lost significant strength as 
time progressed due to the alkali leaching. The T-N and T25MK25Ca-N both lost 
strength as time progressed. This was expected to happen for the T-N mixture, but not the 
T25MK25Ca-N mixture. The strength loss could have been caused by replacing too 
much calcium hydroxide into the mixture not allowing the proper binder structure to 
form. The T25MK-N and T25MK15Ca-N mixture both lost strength from 7 to 28 days, 
but gained strength from 28 to 56 days. This is similar to what occurred in Phase 1 for the 
D-N mixture that had a Na/Al = 2.04. The T25MK15Ca-N finished with the highest 
strength at 56 days. The remaining sodium silicate mixtures, T25MK-S and 
T25MK15Ca-S, maintained their strength over time with the T25MK-S mixture having 
the lowest strength and the T25MK15Ca-S mixture having the second highest strength.    
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Figure 4.24. Compressive strength profile of dry cured samples in Phase 2. 
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Dry mixtures with a higher Na/Al ratio showed static leaching immediately. As time 
progressed the leachate volume increased in size and is shown in Figure 4.25. The two 
mixtures that exhibited static leaching in the dry mixtures were the control mixtures with 
the highest Na/Al ratios. 
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Figure 4.25. Progression of static leaching in dry cured samples in Phase 2.  
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4.2.3.2 Wet Samples 
Comparison of dry to wet compressive strengths is shown in Figure 4.26. Similar to 
Phase 1, the glasses that had the highest Na/Al ratio (T-N and T-S) had significant 
strength loss early on, and then the wet compressive strength leveled off from 28 to 56 
days. The T-S mixture had the lowest strength of all mixtures in this research and 
maintained its strength over time for both wet and dry samples. The remaining glasses 
exhibited some strength loss, but not as severe as the strength loss in the samples with a 
high Na/Al ratio. The wet mixtures lost most of their strength as compared to the dry 
mixtures between 7 day or 28 days and all of the wet samples gained strength from 28 
days to 56 days similar to the D-N mixture in Phase 1. All of the mixtures with calcium 
hydroxide had a significant strength gain at 56 days due to the hydration reactions. In the 
T25MK25Ca-N and T25MK15Ca-S mixtures, the wet 56-day compressive strength 
surpassed the dry 7-day compressive strength. The wet 56-day compressive strength of 
the T25MK15Ca-N mixture was close to surpassing the dry 7-day compressive strength. 
The results in Phase 2 reflected the results that were witnessed in Phase 1: mixtures with 
high Na/Al ratios had significant strength loss from wet to dry, and mixtures with a low 
Na/Al ratio (Na/Al ~ 2) have minimal strength loss or even strength gain from dry to wet 
samples.    
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Figure 4.26. Comparison of compressive strength for dry and wet cured samples in Phase 2. 
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4.2.4 Leachate Analysis 
Similar to Phase 1, to verify that Na+ was the main leachate product that contributed to 
conductivity and that as the Na/Al ratio decreases so does the Na+ concentration in 
solution, ICP-OES was performed on the 7, 28, and 56-day solution samples collected. 
Figure 4.27 shows the Na+ concentration of the solutions for the mixtures activated with 
sodium hydroxide. Like Phase 1, the main leaching elements were Na and Si as expected. 
The control mixture, T-N, had the highest Na/Al at 29.07 which had the highest Na+ 
concentration in solution. The T25MK-N mixture, which had a significantly lower Na/Al 
of 2.90, had a much lower Na+ concentration in solution which was to be expected. Both 
the T25MK15Ca-N and T25MK25Ca-N mixtures had the lowest Na+ concentration in 
solution of the mixtures activated with sodium hydroxide, with a Na/Al ratio of 2.68 and 
2.51 respectively.  
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Figure 4.27. Na concentration of solution samples of mixtures activated with sodium 
hydroxide for Phase 2. 
 
Figure 4.28 shows the Na+ concentration of the solutions for the mixtures activated with a 
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sodium hydroxide, the main leaching elements were Na and Si, and as the Na/Al ratio 
decreased so did the Na+ concentration in solution. The control mixture for the sodium 
hydroxide and sodium silicate mixture, T-S, had the highest Na/Al ratio of 25.14 
resulting in the highest Na+ concentration in solution. The next highest Na/Al ratio of 
2.46 belonged to the T25MK-S mixture which had the next highest Na+ concentration. 
T25MK15Ca-S had the lowest Na/Al ratio of 2.22 which resulted in the lowest Na+ 
concentration in solution for all the samples in Phase 2. As the Na/Al ratio of all the 
mixtures in Phase 2 decreased, so did the Na+ concentration in solution.   
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Figure 4.28. Na concentration of solution samples of mixtures activated with a 1:1 ratio 
of sodium hydroxide and sodium silicate for Phase 2. 
 
When comparing the Na+ solution concentration to the compressive strength of the 
samples over time, it can be seen in Figure 4.29 that generally the higher Na+ 
concentration in the solution, the lower the strength. This was also witnessed in the 
selected mixtures from Phase 1. This could indicate that if the Na+ isn’t bound within the 
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resulting in a lower compressive strength. It should be noted that the T25MK-S mixture 
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Figure 4.29. Na concentration in solution compared to wet compressive strength of 
mixtures in Phase 2.  
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Figure 4.30. Na concentration in solution compared to conductivity of solution of 
selected glasses for Phase 2. 
 
4.2.5 Microstructural Characterization 
Electron microscopy on polished cross-sections indicated differences between the 
microstructures of the mortar samples and revealed clues related to alkali leaching, 
mechanical performance, and reaction mechanisms. 
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4.2.5.1 Fracture Surface Analysis 
Microstructural analysis of secondary electron images on fractured surfaces was 
performed. The microstructure of the mixtures in Phase 2 were analyzed by secondary 
electron imaging on 7, 28, and 56-day old fracture surfaces. The microstructure between 
the dry and wet samples was also observed at the same age. 
 
4.2.5.1.1 T-N 
 Figure 4.31 shows images of representative dry and wet bulk fracture surfaces of the T-N 
mixture at 7, 28, and 56 days for the purpose of comparison. The microstructure of the T-
N mixture was very similar to the microstructure of the Phase 1 mixtures which is to be 
expected since it was a 100% glass mixture. Just like before, the microstructure exhibited 
signs of severe shrinkage and the cracks formed around the aggregate and unreacted glass 
indicating weak bond between the binder and aggregate which could lead to a lower 
compressive strength. 
 
 
 
 
 
 
 
 
      120 
  
7-Day 
  
28-Day 
  
56-Day 
 
Figure 4.31. Secondary electron imaging of fracture surfaces of T-N glass with dry 
(left) and wet (right) samples (Na/Al = 29.07).  
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4.2.5.1.2 T25MK-N 
Figure 4.32 shows the dry and wet bulk fracture surfaces of the T25MK-N mixture at 7, 
28, and 56 days. The microstructure of the T25MK-N mixture appeared to be composed 
of the binder intermingled with unreacted glass and metakaolin particles instead of 
having a uniform structure. The binder itself looked slightly different when compared the 
T-N mixture. The ridges of the binder at the same magnification seem much smaller in 
the T25MK-N mixture indicating the presence of the smaller metakaolin particles. There 
were also less cracks and voids found throughout the structure and the cracks formed 
through the unreacted particles indicating a higher compressive strength as compared to 
the 100% glass mixtures. 
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Figure 4.32. Secondary electron imaging of fracture surfaces of T25MK-N glass with 
dry (left) and wet (right) samples (Na/Al = 2.90).  
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4.2.5.1.3 T25MK15Ca-N 
Figure 4.33 shows the dry and wet bulk fracture surfaces of the T25MK15Ca-N mixture 
at 7, 28, and 56 days. The microstructure of the T25MK15Ca-N appeared more uniform 
throughout than all of the NaOH mixtures with very little unreacted particles present. The 
binder matrix seemed denser with smaller and less air voids. This mixture exhibited the 
highest strengths in all of the NaOH mixtures.  
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Figure 4.33. Secondary electron imaging of fracture surfaces of T25MK15Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.68).  
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4.2.5.1.4 T25MK25Ca-N 
Figure 4.34 shows the dry and wet bulk fracture surfaces of the T25MK25Ca-N mixture 
at 7, 28, and 56 days. The microstructure of the T25MK25Ca-N was similar to that of the 
T25MK15Ca-N mixture, but with more cracks and unreacted particles. The mixture also 
had a slightly lower compressive strength. 
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Figure 4.34. Secondary electron imaging of fracture surfaces of T25MK25Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.51).  
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4.2.5.1.5 T-S 
Once sodium silicate was added as an activator, the microstructure completely changed. 
Figure 4.35 shows the dry and wet bulk fracture surfaces of the T-S mixture at 7, 28, and 
56 days. The T-S mixture had the smoothest surface of all the mixtures analyzed. This 
smooth, dense microstructure is indicative of a high Si content. There was plenty of 
cracking present. Unlike the other samples cracking which was believed to be caused by 
shrinkage, this cracking was thought to be caused by expansion in the samples that 
noticed throughout every cube. Each sample was wider in the middle than on the edges. 
Despite having extensive cracking throughout the microstructure, this mixture had the 
highest compressive strength out of all the samples in this research.  
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Figure 4.35. Secondary electron imaging of fracture surfaces of T-S glass with dry 
(left) and wet (right) samples (Na/Al = 25.14).  
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4.2.5.1.6 T25MK-S 
Figure 4.36 shows the dry and wet bulk fracture surfaces of the T25MK-S mixture at 7, 
28, and 56 days. The microstructure of the T25MK-S was very unique in the sense that 
the surface looked flakey with minimal binder connecting anything. This was also 
noticed when handling the samples; the cubes were very friable and had to be handled 
gently. The flakey surface appears to be unreacted metakaolin particles and which is 
believed to be the cause of the low compressive strength the samples exhibited. 
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Figure 4.36. Secondary electron imaging of fracture surfaces of T25MK-S glass with 
dry (left) and wet (right) samples (Na/Al = 2.46).  
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4.2.5.1.7 T25MK15Ca-S 
Figure 4.37 shows the dry and wet bulk fracture surfaces of the T25MK15Ca-S mixture 
at 7, 28, and 56 days. The microstructure of the T25MK15Ca-S mixture appeared to be a 
combination of the T-S and T25MK-S mixture. Some parts of the microstructure were 
uniform and smooth whereas other parts had unreacted glass and metakaolin particles. 
Despite having a lot of unreacted metakaolin particles like the T25MK-S mixture, the 
compressive strength was the second highest and it maintained its strength very well 
between the dry and wet samples.  
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Figure 4.37. Secondary electron imaging of fracture surfaces of T25MK15Ca-S glass 
with dry (left) and wet (right) samples (Na/Al = 2.22).  
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4.2.5.2 Polished Cross-Section Analysis 
Polished cross-sections of the mortar samples were analyzed using secondary electron 
imaging. As discussed before, microstructural characterization was not performed on the 
T-N and T25MK-S samples because polished sections could not be made due to the low 
compressive strength and friability of the binders. The elemental composition of the 
geopolymer reaction product was identified by EDS microanalysis on the polished 
sections. The microanalysis was performed on the 7, 28, and 56-day samples.  A 
minimum of 6 spots were analyzed on each sample and images and statistics on the EDS 
analysis can be found in Appendix B. 
 
4.2.5.2.1 T25MK-N 
 Figure 4.38 compares the secondary electron images of the dry and wet samples for the 
T25MK-N mixture and Table 4.9 shows the corresponding average molar ratios in the 
geopolymer product measured by EDS microanalysis. Figure 4.39 shows the 
corresponding bar chart. Similar to the fractured surface microstructure, there was very 
little cracking in the binder and unreacted particles were present throughout. The bulk 
Na/Al ratio of the T25MK-N mixture is 2.90. As indicated from EDS however, the true 
stoichiometric ratio was less than one indicating that not all of the Na+ was bound in the 
structure and leached out immediately which also represented in the conductivity data. In 
comparing EDS of the 7, 28, and 56-day samples, it can be seen that there is not a large 
difference in the Na/Al ratio indicating that Na+ was not leaching out anymore.  
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Figure 4.38. Secondary electron imaging of polished surfaces of T25MK-N glass with 
dry (left) and wet (right) samples (Na/Al = 2.90).  
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Table 4.9. Means and standard deviation for measured molar ratios of T25MK-N 
samples for Phase 2 (Na/Al = 2.90). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 0.53 0.30 0.61 0.67 1.41 0.72 
Std. Dev. 0.17 0.07 0.21 0.18 0.67 0.59 
Si/Al 9.09 6.54 6.67 13.31 7.84 9.50 
Std. Dev. 3.92 1.86 3.19 7.21 4.73 9.16 
Ca/Si 0.19 0.16 0.17 0.18 0.15 0.16 
Std. Dev. 0.02 0.01 0.04 0.03 0.04 0.02 
 
 
 
 
Figure 4.39. Measured Molar Ratios of T25MK-N samples for Phase 2 (Na/Al = 2.90). 
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4.2.5.2.2 T25MK15Ca-N 
Figure 4.40 shows a comparison of the secondary electron images of the dry and wet 
samples for the T25MK15Ca-N mixture and Table 4.10 shows the corresponding average 
molar ratios in the geopolymer product measured by EDS microanalysis. Figure 4.41 
shows the corresponding bar chart. The bulk Na/Al ratio of the T25MK15Ca-N mixture 
is 2.68. The microstructure of the polished cross-section has a consistently rougher 
surface believed to be from the presence of calcium into the binder matrix. The binder 
had the most uniform structure of all the NaOH mixtures with minimal cracks, which 
correlates to the highest compressive strength of the NaOH mixtures. Just like the 
mixtures in Phase 1, it can be seen that the dry samples have a higher Na/Al ratio as 
compared to the wet samples. This is likely due to the fact that the dry samples don’t 
have a medium to help transport elements out of the sample whereas the wet samples 
have water to transport the unbound cations out of the sample faster. It can also be seen 
that from 7 to 56 days, there is very little change, indicating that most of the leaching 
occurs in the early age of the samples.  
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Figure 4.40. Secondary electron imaging of polished surfaces of T25MK15Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.68).  
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Table 4.10. Means and standard deviation for measured molar ratios of T25MK15Ca-N 
samples for Phase 2 (Na/Al = 2.68). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 1.47 0.61 1.21 0.51 1.18 0.85 
Std. Dev. 0.30 0.23 0.49 0.19 0.32 0.23 
Si/Al 10.35 10.46 13.35 6.93 7.02 7.52 
Std. Dev. 3.60 6.64 7.00 2.67 2.00 1.86 
Ca/Si 0.37 0.39 0.36 0.33 0.31 0.38 
Std. Dev. 0.06 0.05 0.03 0.07 0.06 0.04 
 
 
 
 
Figure 4.41. Measured Molar Ratios of T25MK15Ca-N samples for Phase 2  
(Na/Al = 2.68). 
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4.2.5.2.3 T25MK25Ca-N 
Figure 4.42 shows a comparison of the secondary electron images of the dry and wet 
samples for the T25MK25Ca-N mixture and Table 4.11 shows the corresponding average 
molar ratios in the geopolymer product measured by EDS microanalysis. Figure 4.43 
shows the corresponding bar chart. The bulk Na/Al ratio of the T25MK25Ca-N mixture 
is 2.51. Just like the T25MK15Ca-N mixture, the microstructure is consistently rough due 
to the presence of calcium. There are more frequent cracks found throughout the mixture 
believed to cause a slightly lower strength compared to the other calcium mixture. The 
molar ratio of Na/Al ratio follows the same trend as the other samples where the dry 
samples start with a higher Na/Al ratio and by 56 days have leveled off. The Na/Al ratio 
is also lower than the bulk stoichiometric ratio showing that most of the leaching occurs 
during the early age of the samples.  
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Figure 4.42. Secondary electron imaging of polished surfaces of T25MK25Ca-N glass 
with dry (left) and wet (right) samples (Na/Al = 2.51).  
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Table 4.11. Means and standard deviation for measured molar ratios of T25MK25Ca-N 
samples for Phase 2 (Na/Al = 2.51). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 1.66 0.72 0.67 0.71 1.34 0.62 
Std. Dev. 0.48 0.33 0.21 0.18 0.35 0.14 
Si/Al 11.23 6.39 8.46 6.62 7.21 6.12 
Std. Dev. 3.21 2.81 3.05 1.49 2.27 1.54 
Ca/Si 0.65 0.52 0.68 0.49 0.51 0.56 
Std. Dev. 0.10 0.14 0.08 0.11 0.12 0.07 
 
 
 
 
Figure 4.43. Measured Molar Ratios of T25MK25Ca-N samples for Phase 2  
(Na/Al = 2.51). 
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4.2.5.2.4 T-S 
Figure 4.44 shows the comparison of the secondary electron images of the dry and wet 
samples for the T-S mixture and Table 4.12 shows the corresponding average molar 
ratios in the geopolymer product measured by EDS microanalysis. Figure 4.45 shows the 
corresponding bar chart. The bulk Na/Al ratio of the T-S mixture is 25.14. The 
microstructure of the polished cross-sections was smooth which indicates a high Si 
content, which is expected since sodium silicate was used as part of the activator. There 
was extensive cracking believed to be caused by the expansion of the samples. Even 
though this sample had a much higher Na/Al ratio, the measured Na/Al ratio was fairly 
low at 7 days, indicating that extensive leaching occurs at early age and then levels out 
past 28 days.  
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Figure 4.44. Secondary electron imaging of polished surfaces of T-S glass with dry 
(left) and wet (right) samples (Na/Al = 25.14).  
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Table 4.12. Means and standard deviation for measured molar ratios of T-S samples for 
Phase 2 (Na/Al = 25.14). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 3.29 2.10 1.68 1.36 6.57 2.44 
Std. Dev. 0.68 0.78 0.46 0.29 1.12 0.53 
Si/Al 78.12 75.16 77.64 66.94 76.24 57.35 
Std. Dev. 4.56 9.91 10.83 9.72 12.19 7.52 
Ca/Si 0.16 0.21 0.22 0.19 0.18 0.22 
Std. Dev. 0.02 0.02 0.03 0.02 0.01 0.03 
 
 
 
 
Figure 4.45. Measured Molar Ratios of T-S samples for Phase 2 (Na/Al = 25.14). 
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4.2.5.2.5 T25MK15Ca-S 
Figure 4.46 shows the comparison of the secondary electron images of the dry and wet 
samples for the T25MK15Ca-S mixture and Table 4.13 shows the corresponding average 
molar ratios in the geopolymer product measured by EDS microanalysis. Figure 4.47 
shows the corresponding bar chart. The bulk Na/Al ratio of the T25MK15Ca-S mixture is 
2.46. The microstructure was rough, but uniform similar to the other mixtures mixed with 
calcium hydroxide. Unreacted metakaolin and glass particles were present throughout the 
binder system. The shrinkage cracks were very similar to T25MK15Ca-N mixture, with 
the main difference coming in the smoother surface due to the higher Si content. Just like 
the other mixtures starting with a lower Na/Al ratio, the initial Na/Al of 0.39 ratio at 7 
days is below one and doesn’t change much at 28 days (Na/Al = 0.48).  
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Figure 4.46. Secondary electron imaging of polished surfaces of T25MK15Ca-S glass 
with dry (left) and wet (right) samples (Na/Al = 2.22).  
 
 
 
 
 
      147 
Table 4.13. Means and standard deviation for measured molar ratios of T25MK15Ca-S 
samples for Phase 2 (Na/Al = 2.22). 
 7-Day 28-Day 56-Day 
 Dry Wet Dry Wet Dry Wet 
Na/Al 0.62 0.39 0.71 0.48 1.14 0.79 
Std. Dev. 0.09 0.17 0.08 0.06 0.06 0.17 
Si/Al 6.22 7.07 6.58 6.31 7.37 7.71 
Std. Dev. 0.69 1.12 0.79 0.61 0.48 1.05 
Ca/Si 0.30 1.11 0.33 0.51 0.36 0.37 
Std. Dev. 0.02 1.13 0.03 0.36 0.03 0.03 
 
 
 
 
Figure 4.47. Measured Molar Ratios of T25MK15Ca-S samples for Phase 2  
(Na/Al = 2.22). 
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5 Conclusions 
It should be noted again that the purpose of this research was not to develop the best 
glass-based geopolymer, but rather to identify the characteristics of alkali leaching in 
glass-based geopolymers and to observe the changes that occur when the composition of 
the glass changes and the Na/Al stoichiometric ratio is lowered by the addition of a 
supplemental alumina source. 
 
Determining the answers to four questions was the main purpose of this research with 
regard to glass-based geopolymers:  
1. What are the alkali leaching properties of glass-based geopolymers? 
2. Is there a clear correlation between composition, stoichiometry, and leaching 
properties of glass-based geopolymers? 
3. Does using a blend of activators improve the mechanical properties of glass-based 
geopolymers? 
4. Does the addition of an alumina source adequately lower the stoichiometric ratios 
of the mixture to more desirable ranges found in other successful geopolymers 
and does this enhance the mechanical performance? 
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5.1 What are the alkali leaching properties of glass-based 
geopolymers? 
• The pH levels of all the mixtures immediately rose to around 12 and fluctuated 
slightly throughout the 56 days with no significant changes.  
• Glasses with a higher Na/Al ratio generally had a higher conductivity because 
there was not enough alumina to keep the alkali cation bound in the system.  
• The main leachate in the samples introduced to a DI water bath was sodium. The 
mixtures with the lowest Na/Al ratio had the lowest sodium concentration in 
solution.  
• Glasses with a higher Na/Al (Na/Al > 2) ratio had significant strength loss from 
the initial dry sample to the final wet sample.  
• Glasses with a Na/Al ratio ~ 2 had minimal strength loss and sometimes strength 
gain from dry to wet samples.  
• A higher sodium concentration in the solution resulted in a lower compressive 
strength.  
• The majority of the leaching occurred in first week of the samples exposed to 
static leaching. 
o The conductivity rate increased drastically initially, but increased at a 
much lower rate after that.  
o The change in sodium concentration in the leachate from 7 to 28 days was 
larger than the change in sodium concentration from 28 to 56 days.  
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o Glasses with a higher Na/Al ratio generally had a higher strength loss from 
dry to wet samples at 7 days then at 28 and 56 days.  
 
5.2 Is there a clear correlation between composition, stoichiometry, 
and leaching properties of glass-based geopolymers? 
• In Phase 1, the glasses with a higher initial alumina content (lower Na/Al ratio) 
had the lowest conductivity out of the 16 samples.  
• Mixtures with a Na/Al ratio greater than 2 have a significantly higher conductivity 
than mixtures with a Na/Al ~ 2.  
• In Phase 2, the control mixtures with the highest Na/Al ratio exhibited the highest 
conductivity when compared to the mixtures that used the same activator.  
• Mixtures activated with sodium silicate had a lower conductivity than the sodium 
hydroxide mixtures.  
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5.3 Does using a blend of activators improve the mechanical properties 
of glass-based geopolymers? 
• Mixtures activated with calcium hydroxide had a higher compressive strength 
than the mixtures that did not include calcium hydroxide in Phase 2.  
• All of the wet samples containing calcium hydroxide showed a strength increase 
at 56 days. 
• Less severe shrinkage cracks were observed in mixtures activated with calcium 
hydroxide.  
• 100% glass mixtures activated with a mixture of sodium hydroxide and sodium 
silicate had a higher compressive strength than glass mixtures activated with only 
sodium hydroxide.  
• Mixtures activated with a blend of sodium hydroxide and sodium silicate had a 
more uniform and smooth microstructure as compared to mixtures activated with 
only sodium hydroxide.   
• Samples with metakaolin activated with sodium silicate appeared to have a lot of 
unreacted metakaolin particles. 
• The 100% glass mixture with sodium silicate exhibited expansion in the middle of 
all the cube samples. 
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5.4 Does the addition of an alumina source adequately lower the 
stoichiometric ratios of the mixtures to more desirable ranges 
found in other successful geopolymers and does this enhance the 
mechanical performance? 
• The addition of metakaolin as an alumina source could not lower the Na/Al ratio 
to the desired ratio of 1 because the glass contains a significant amount of Na2O 
with very little Al2O3 initially. To achieve a Na/Al ratio of 1, more than 50% of 
the glass must be removed, no longer making it a glass-based geopolymer, which 
was the focus of this research. 
• Having a Na/Al ratio around 2 showed good results in Phase 1 in the D-N 
mixture. Adding metakaolin in Phase 2 lowered the Na/Al ratio to around 2 and 
improved the mechanical performance of the mixtures.  
• Lowering the Na/Al ratio reduced the sodium leaching and resulted in a higher 
compressive strength when compared to the control mixture except in the 
T25MK-S mixture, where the metakaolin did not seem to react with the activator 
solution. 
• Strength loss still occurred in samples with a Na/Al ratio around 2 because alkali 
leaching was still occurring, however, the strength loss was not as significant as 
mixtures with higher Na/Al ratio.  
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5.5 Glass in Geopolymers 
• From this research, it is clear that most glass-based geopolymers do not have 
adequate strength for structural applications. Even when a blend of metakaolin 
and various activators were added, the strength still never topped 3,000 psi. The 
only mixture that surpassed 3,000 psi was made using a manufactured glass that is 
not commonly found in the municipal solid waste stream, making it impractical 
for widespread use.  
• The majority of the 100% glass mixtures exhibited severe leaching issues 
resulting in non-water stable mixtures. Adding metakaolin as a supplementary 
alumina source to lower the Na/Al ratio helped improve the leaching and 
mechanical properties of the samples, however, a Na/Al ratio of 1 was impossible, 
without replacing more than 50% of the glass, which means the mixture could no 
longer be considered a glass-based geopolymer. Other supplementary alumina 
sources could be used to achieve this desired ratio, such as sodium aluminate, but 
high costs often make them impractical for commercial use. 
• Geopolymers have a completely different chemistry than PC concrete, which 
often results in a binder with unique properties. The specific properties of glass-
based geopolymers are still, as of yet, unknown; however, glass is a very unique 
material, and it is possible that these geopolymers could possess properties ideal 
for specialty applications where higher compressive strengths are not required.  
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• Since glass-based geopolymers exhibit low compressive strengths and cannot 
achieve the desired Na/Al ratio while still being practical, glass as a primary 
aluminosilicate source seems impractical for structural applications. However, 
using glass as a supplementary source could potentially improve some of the 
properties of other geopolymers.  
 
5.6 Recommendations for future work 
While glass-based geopolymers are a potential alternative to PC concrete and could 
exhibit specific properties for special applications, there remains a lot of work to be done 
before mass commercial application can be considered. The following are 
recommendations for future work to get closer to wide-scale commercial applications: 
• Investigation of other Al-rich materials as a possible alumina source to better 
improve the leaching properties such as red mud or sodium aluminate.  
• Replace the DI water in the samples exposed to static leaching every week to 
ensure an equilibrium state is not met and determine if more leaching would 
occur.  
• Most of the glass-based mixtures did not achieve an adequate compressive 
strength for structural concrete applications. Investigating other precursor 
materials, such as fly ash and slag, and then combining with a glass replacement 
could create desirable properties for certain applications while having a higher 
overall strength.  
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• Mixtures activated with sodium hydroxide appeared to have a large air void 
structure as compared to mixtures activated with sodium silicate and calcium 
hydroxide. Conducting hardened air void tests would verify this and give a better 
understanding of the air void structure in this material. 
• Conducting EDS on polished cross-sections only allows a small area of the binder 
to be evaluated. Running elemental mapping and XRF on the samples would give 
a better understanding of the overall composition of the final product.  
• Durability testing on the mortars or concrete to determine if glass-based 
geopolymers have adequate freeze-thaw and chemical resistance as compared to 
PC concrete or other more established geopolymers. 
• Experimenting with waste glasses that have been cleaned in a recycling facility 
and comparing them to dirty waste glasses to determine if there is a significant 
difference in the overall properties. 
• Experimentation with various admixtures to improve the mechanical properties of 
the geopolymer mixtures.  
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6 Appendix A 
6.1 Microanalysis results of Phase 1 
 
Figure 6.1. Secondary electron image of polished section of dry D-N sample at 7 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 6.1. Microanalysis of phases found in dry D-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 10.81 11.28 65.19 11.98 1.19 - - - 
2 9.69 6.86 69.46 11.26 1.64 - - - 
3 9.50 9.98 69.21 7.64 1.69 0.28 0.49 - 
4 10.16 6.54 65.53 10.96 1.97 - 0.41 - 
5 8.95 12.47 68.59 8.61 2.89 - - - 
6 8.52 9.45 70.32 12.40 1.92 - 0.75 - 
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Figure 6.2. Secondary electron image of polished section of dry D-N sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.2. Microanalysis of phases found in dry D-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 12.94 11.22 60.61 9.12 2.40 0.23 - - 
2 11.84 3.48 55.34 12.12 5.39 - - - 
3 14.88 14.93 61.66 11.81 0.99 - - - 
4 10.33 1.49 61.29 9.53 6.80 - - - 
5 16.89 11.17 55.02 10.40 1.67 - - - 
6 15.12 11.32 57.91 9.95 1.96 - 0.43 - 
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Figure 6.3. Secondary electron image of polished section of dry D-N sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.3. Microanalysis of phases found in dry D-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 11.57 10.18 64.09 8.56 2.02 - - - 
2 7.18 11.54 76.78 10.42 1.54 - - - 
3 5.41 3.38 72.69 9.11 6.02 - - - 
4 9.73 10.83 70.79 9.18 1.96 - - - 
5 11.75 14.36 72.48 8.54 1.26 - - - 
6 7.83 14.78 75.43 8.17 1.24 - - - 
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Figure 6.4. Secondary electron image of polished section of wet D-N sample at 7 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 6.4. Microanalysis of phases found in wet D-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 5.38 3.27 69.53 10.59 6.14 - - - 
2 7.24 14.15 70.71 8.77 1.61 - - - 
3 9.14 13.02 62.92 9.60 1.91 - - - 
4 6.87 11.22 62.92 4.37 1.23 - - - 
5 5.50 5.20 67.58 12.58 5.60 - - - 
6 11.84 3.82 65.40 7.95 6.05 - - - 
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Figure 6.5. Secondary electron image of polished section of wet D-N sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.5. Microanalysis of phases found in wet D-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 7.58 16.76 74.83 8.91 1.67 - - - 
2 7.91 14.78 73.34 8.84 1.82 - - - 
3 7.97 15.63 78.28 8.49 3.12 - - - 
4 7.31 14.13 59.54 10.76 1.18 - - - 
5 8.06 16.17 71.73 7.25 1.63 - - - 
6 6.93 15.91 69.10 11.84 1.48 - - - 
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Figure 6.6. Secondary electron image of polished section of wet D-N sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.6. Microanalysis of phases found in wet D-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 0.61 19.37 78.64 9.00 1.43 - - - 
2 6.17 12.56 70.92 9.51 2.79 - - - 
3 3.95 11.34 72.52 10.59 2.42 - - - 
4 3.38 20.58 86.84 10.09 1.58 - - - 
5 1.98 1.83 92.14 19.31 7.46 - - - 
6 4.70 14.11 84.55 11.24 3.42 - - - 
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Figure 6.7. Secondary electron image of polished section of dry P-N sample at 7 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 6.7. Microanalysis of phases found in dry P-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 10.08 5.04 63.24 8.42 4.13 - - 1.58 
2 7.67 11.20 65.66 6.28 0.53 - - 2.68 
3 8.87 12.04 57.16 7.04 2.72 - - 1.63 
4 6.83 12.39 66.41 5.74 0.96 - - 0.82 
5 8.69 11.20 60.56 4.55 1.38 - - 0.53 
6 9.58 11.17 60.67 9.40 2.17 - - 2.27 
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Figure 6.8. Secondary electron image of polished section of dry P-N sample at 28 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 6.8. Microanalysis of phases found in dry P-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 6.69 2.31 66.75 7.46 6.28 0.20 - 1.40 
2 6.73 2.91 69.16 9.22 4.74 - - 1.47 
3 7.91 2.57 66.68 8.44 5.37 - - 1.37 
4 5.85 3.25 74.02 8.87 4.78 0.24 - 1.31 
5 9.04 6.65 65.93 8.41 4.21 - - 1.86 
6 8.01 8.90 60.46 13.21 2.12 - 0.93 7.24 
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Figure 6.9. Secondary electron image of polished section of dry P-N sample at 56 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 6.9. Microanalysis of phases found in dry P-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 6.11 9.69 62.70 9.72 2.44 - - 2.02 
2 7.51 4.18 70.11 9.81 4.10 - - 1.10 
3 7.89 1.42 63.82 7.89 6.07 0.22 - 0.92 
4 6.58 4.78 66.53 11.11 3.83 - - 1.15 
5 6.47 0.60 66.68 8.75 6.47 - - 1.28 
6 5.27 13.21 67.80 10.75 2.39 - - 2.11 
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Figure 6.10. Secondary electron image of polished section of wet P-N sample at 7 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.10. Microanalysis of phases found in wet P-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 9.68 13.83 57.25 6.14 2.54 - - 3.25 
2 11.47 12.19 54.28 7.99 2.90 - - 4.38 
3 10.54 6.44 62.02 6.55 4.84 - - 2.45 
4 8.49 11.94 55.24 9.00 1.61 - - 3.85 
5 9.61 12.26 66.00 9.56 2.16 - - 2.73 
6 7.56 15.19 68.61 8.05 2.29 - - 2.36 
7 8.59 0.68 68.03 5.71 7.13 - - 1.40 
8 7.79 1.64 72.01 5.99 6.24 - - 0.96 
9 8.24 2.63 74.64 7.16 4.36 - - 1.47 
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Figure 6.11. Secondary electron image of polished section of wet P-N sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.11. Microanalysis of phases found in wet P-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 4.69 1.30 76.63 7.18 7.84 - - 1.72 
2 5.59 2.14 77.66 8.49 6.00 - - 1.26 
3 5.97 1.98 83.13 8.03 6.73 - - 1.47 
4 7.01 11.90 56.01 13.61 2.42 - - 7.10 
5 5.81 1.93 84.27 7.99 6.53 - - 1.15 
6 4.21 11.79 62.13 11.18 3.68 - - 6.14 
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Figure 6.12. Secondary electron image of polished section of wet P-N sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.12. Microanalysis of phases found in wet P-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 6.74 5.23 69.02 10.73 4.49 - - 0.00 
2 5.24 3.08 82.19 8.52 6.45 - - 0.00 
3 4.95 0.83 82.26 9.12 8.64 - - 0.73 
4 5.39 4.87 72.67 11.10 5.69 - - 0.99 
5 5.15 5.27 74.34 11.52 5.37 - - 0.99 
6 5.45 4.38 77.87 10.44 5.54 - - 0.80 
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Figure 6.13. Secondary electron image of polished section of dry R-N sample at 7 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.13. Microanalysis of phases found in dry R-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 4.72 0.66 74.32 18.39 5.24 - - - 
2 4.39 - 70.11 16.50 4.38 - - - 
3 5.01 - 74.09 14.85 4.26 - - - 
4 5.92 - 74.04 14.26 4.06 0.30 - - 
5 5.27 - 68.82 14.66 4.41 - - - 
6 4.68 0.32 68.87 13.73 5.14 0.25 - - 
 
 
      176 
 
Figure 6.14. Secondary electron image of polished section of dry R-N sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.14. Microanalysis of phases found in dry R-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 3.09 - 76.97 17.32 4.44 - - - 
2 2.37 - 91.39 13.03 6.14 - - - 
3 2.91 - 78.02 14.33 4.86 - - - 
4 2.84 - 79.78 19.99 4.44 - - - 
5 3.15 - 73.42 17.76 5.11 0.33 - - 
6 3.26 0.51 77.36 17.45 4.49 - - - 
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Figure 6.15. Secondary electron image of polished section of dry R-N sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.15. Microanalysis of phases found in dry R-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 4.35 - 76.82 10.31 5.02 0.24 - - 
2 5.31 - 73.98 14.57 5.12 - - - 
3 4.52 - 79.31 10.96 4.46 - - - 
4 4.92 - 72.18 5.43 7.25 0.30 - - 
5 4.07 - 77.51 9.47 5.52 0.31 - - 
6 4.61 0.32 77.23 13.12 4.76 0.27 - - 
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Figure 6.16. Secondary electron image of polished section of wet R-N sample at 7 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.16. Microanalysis of phases found in wet R-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 7.76 - 65.66 10.83 4.79 - - - 
2 4.46 - 67.22 10.76 4.59 - - - 
3 5.11 - 67.67 10.90 5.44 - - - 
4 3.92 1.04 65.68 10.96 5.24 - 0.31 - 
5 3.69 1.08 70.58 13.18 5.41 - - - 
6 3.91 1.57 71.43 11.22 6.05 - - - 
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Figure 6.17. Secondary electron image of polished section of wet R-N sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.17. Microanalysis of phases found in wet R-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 2.76 - 89.34 9.72 6.87 - - - 
2 3.64 - 85.77 9.88 6.60 - - - 
3 3.05 - 99.65 15.87 4.69 - - - 
4 2.09 - 83.24 8.58 6.92 - - - 
5 5.51 - 81.98 17.57 4.54 - - - 
6 3.56 0.23 84.23 12.54 5.74 - - - 
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Figure 6.18. Secondary electron image of polished section of wet R-N sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 6.18. Microanalysis of phases found in wet R-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O Mn2O3 P2O5 
1 1.66 - 87.14 15.27 6.17 - - - 
2 1.94 0.57 83.80 17.62 6.72 - - - 
3 1.73 - 82.13 15.95 6.63 - - - 
4 1.63 - 82.17 19.66 5.67 0.29 - - 
5 1.40 - 83.50 15.06 6.33 0.25 - - 
6 1.67 0.28 83.65 7.68 8.06 0.35 - - 
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7 Appendix B 
7.1 Microanalysis results of Phase 2 
 
 
Figure 7.1. Secondary electron image of polished section of dry T25MK-N sample at 7 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.1. Microanalysis of phases found in dry T25MK-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.90 16.36 68.37 13.45 1.03 0.46 
2 4.07 8.14 76.70 15.28 1.87 0.65 
3 4.72 19.08 72.87 11.82 1.11 0.48 
4 5.27 22.07 65.81 9.30 0.93 0.33 
5 4.38 11.79 73.14 12.52 1.39 0.40 
6 4.57 12.94 71.63 13.85 1.46 0.67 
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Figure 7.2. Secondary electron image of polished section of dry T25MK-N sample at 
28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.2. Microanalysis of phases found in dry T25MK-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.35 32.69 60.76 6.37 1.26 - 
2 5.72 10.41 76.27 14.31 1.59 0.59 
3 6.77 16.15 64.80 13.81 1.13 - 
4 6.43 17.08 66.68 10.37 1.56 0.34 
5 7.47 23.69 61.10 8.42 0.78 0.36 
6 6.67 16.40 64.22 8.59 1.46 0.29 
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Figure 7.3. Secondary electron image of polished section of dry T25MK-N sample at 
56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.3. Microanalysis of phases found in dry T25MK-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 12.33 19.67 52.86 5.44 1.26 0.30 
2 9.83 7.78 65.04 10.80 2.24 0.42 
3 12.23 13.89 54.19 7.71 1.66 0.36 
4 10.97 7.95 62.79 11.42 2.32 0.40 
5 13.76 20.18 58.96 6.10 1.29 - 
6 7.87 26.04 51.45 6.04 1.58 0.30 
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Figure 7.4. Secondary electron image of polished section of wet T25MK-N sample at 7 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.4. Microanalysis of phases found in wet T25MK-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.15 13.91 81.23 13.14 2.14 0.53 
2 3.60 19.37 65.25 9.51 1.41 0.31 
3 3.64 22.60 67.77 9.50 1.03 0.40 
4 3.56 18.08 70.08 10.44 1.77 0.37 
5 2.40 21.50 61.81 7.70 1.67 0.34 
6 3.69 17.18 71.71 10.89 1.74 0.29 
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Figure 7.5. Secondary electron image of polished section of wet T25MK-N sample at 
28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.5. Microanalysis of phases found in wet T25MK-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 4.57 8.67 77.44 12.10 2.82 0.35 
2 3.60 9.43 82.77 18.69 2.40 0.64 
3 3.07 5.97 90.47 14.83 3.17 - 
4 5.12 12.92 71.09 11.87 2.16 0.39 
5 4.72 21.58 60.01 8.30 1.33 0.34 
6 4.53 11.64 68.82 10.79 2.22 0.30 
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Figure 7.6. Secondary electron image of polished section of wet T25MK-N sample at 
56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.6. Microanalysis of phases found in wet T25MK-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.90 15.83 68.87 11.78 1.71 0.40 
2 4.88 19.35 62.04 9.30 1.61 0.34 
3 4.06 36.11 51.37 6.74 1.29 0.29 
4 6.38 11.47 67.43 10.42 2.07 - 
5 5.39 4.89 79.09 12.47 2.59 0.41 
6 5.59 25.53 65.68 8.07 1.04 0.35 
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Figure 7.7. Secondary electron image of polished section of dry T25MK15Ca-N 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.7. Microanalysis of phases found in dry T25MK-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 9.30 9.47 54.42 15.88 0.38 - 
2 11.53 10.73 48.31 17.57 0.36 0.37 
3 7.16 9.94 59.24 19.38 0.86 0.41 
4 6.27 6.84 59.82 21.38 3.86 0.46 
5 7.41 7.12 59.35 26.86 0.73 0.57 
6 10.41 16.68 54.96 16.62 - 0.59 
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Figure 7.8. Secondary electron image of polished section of dry T25MK15Ca-N 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.8. Microanalysis of phases found in dry T25MK-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 6.44 6.73 58.58 20.60 3.25 0.49 
2 7.17 7.56 61.53 19.32 0.73 0.37 
3 4.72 4.36 66.17 25.27 0.46 0.59 
4 5.76 15.85 59.79 18.39 0.38 0.41 
5 8.10 16.12 66.64 20.27 - 0.37 
6 4.84 8.75 63.80 21.20 2.24 0.52 
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Figure 7.9. Secondary electron image of polished section of dry T25MK15Ca-N 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.9. Microanalysis of phases found in dry T25MK15Ca-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 9.38 22.13 51.28 9.54 0.56 0.27 
2 8.73 10.05 50.83 15.34 2.84 0.30 
3 8.57 9.64 50.42 16.71 0.85 - 
4 8.80 9.94 49.74 14.06 3.47 - 
5 9.56 15.68 51.17 14.79 0.78 - 
6 8.60 13.74 54.15 17.24 0.81 - 
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Figure 7.10. Secondary electron image of polished section of wet T25MK15Ca-N 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.10. Microanalysis of phases found in wet T25MK15Ca-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.68 5.74 79.78 26.99 4.10 1.19 
2 6.09 17.31 57.01 17.53 0.41 0.31 
3 2.74 10.41 63.77 26.63 1.59 - 
4 4.12 11.07 59.17 19.88 1.16 0.39 
5 4.66 14.59 59.13 24.70 0.53 0.47 
6 3.96 14.32 61.44 21.91 0.80 0.43 
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Figure 7.11. Secondary electron image of polished section of wet T25MK15Ca-N 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.11. Microanalysis of phases found in wet T25MK15Ca-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.50 13.40 57.46 19.06 0.61 0.28 
2 3.81 11.87 62.40 19.74 0.71 - 
3 4.18 10.51 53.59 19.39 0.56 - 
4 4.06 13.36 63.13 17.42 0.76 - 
5 4.21 43.68 43.41 8.54 - 0.27 
6 5.38 15.66 64.52 23.06 0.36 0.33 
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Figure 7.12. Secondary electron image of polished section of wet T25MK15Ca-N 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.12. Microanalysis of phases found in wet T25MK15Ca-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 7.97 13.43 58.45 23.25 - 0.39 
2 6.15 9.05 55.49 21.37 2.12 - 
3 5.89 21.22 59.88 17.55 - - 
4 5.69 12.38 60.61 20.01 3.05 0.34 
5 6.90 13.62 52.95 18.54 0.81 0.34 
6 7.20 12.64 56.65 21.98 0.50 0.45 
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Figure 7.13. Secondary electron image of polished section of dry T25MK25Ca-N 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.13. Microanalysis of phases found in dry T25MK25Ca-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 7.78 9.58 51.26 33.66 0.53 - 
2 6.96 6.93 47.86 35.20 0.38 - 
3 7.31 5.37 46.15 30.12 - 0.24 
4 9.02 11.51 50.19 24.85 0.78 0.25 
5 6.21 8.67 47.26 24.91 2.60 0.29 
6 7.76 5.67 51.15 27.91 0.73 - 
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Figure 7.14. Secondary electron image of polished section of dry T25MK25Ca-N 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.14. Microanalysis of phases found in dry T25MK25Ca-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.90 16.67 52.63 30.06 - 0.47 
2 4.14 8.56 49.29 34.56 0.75 - 
3 4.14 10.94 54.25 37.50 1.14 0.39 
4 4.15 11.37 48.03 34.24 0.70 - 
5 4.33 7.03 57.18 35.37 2.59 - 
6 4.99 13.77 50.62 27.26 - 0.35 
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Figure 7.15. Secondary electron image of polished section of dry T25MK25Ca-N 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.15. Microanalysis of phases found in dry T25MK25Ca-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 10.62 10.90 44.75 18.40 1.04 - 
2 9.75 18.44 44.95 15.95 0.63 - 
3 8.20 8.03 46.10 27.05 1.19 - 
4 9.22 10.47 45.63 22.93 1.18 - 
5 9.06 16.02 50.17 19.73 1.39 - 
6 8.68 9.39 53.76 34.07 0.95 - 
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Figure 7.16. Secondary electron image of polished section of wet T25MK25Ca-N 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.16. Microanalysis of phases found in wet T25MK25Ca-N sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.86 14.34 47.62 24.91 0.36 0.29 
2 5.55 12.38 53.33 28.95 0.61 0.37 
3 5.81 25.41 47.30 11.85 - 0.30 
4 6.17 19.42 50.57 23.58 0.48 - 
5 6.04 14.40 55.58 27.90 - 0.57 
6 6.19 7.65 50.75 32.97 0.86 0.37 
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Figure 7.17. Secondary electron image of polished section of wet T25MK25Ca-N 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.17. Microanalysis of phases found in wet T25MK25Ca-N sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 4.97 9.24 45.78 28.05 3.55 0.57 
2 4.58 14.17 47.64 25.80 0.38 0.51 
3 5.08 13.06 47.73 20.41 0.35 0.31 
4 5.35 16.31 47.47 18.65 0.36 0.31 
5 5.76 9.88 49.57 20.30 0.35 0.31 
6 5.80 13.28 46.38 15.96 - 0.35 
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Figure 7.18. Secondary electron image of polished section of wet T25MK25Ca-N 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.18. Microanalysis of phases found in wet T25MK25Ca-N sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.85 20.26 54.38 22.70 - - 
2 5.28 10.28 50.89 26.08 0.40 0.31 
3 4.80 11.77 49.25 27.49 1.72 - 
4 4.89 17.59 45.65 23.28 0.70 - 
5 4.87 12.62 48.46 29.76 - - 
6 5.76 14.28 48.09 24.64 0.81 - 
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Figure 7.19. Secondary electron image of polished section of dry T-S sample at 7 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 7.19. Microanalysis of phases found in dry T-S sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.99 1.76 78.64 9.50 1.84 0.49 
2 3.53 1.76 81.85 11.70 1.64 0.58 
3 4.10 1.70 83.56 11.38 1.59 0.49 
4 4.45 1.95 80.91 10.98 2.17 0.59 
5 3.03 1.81 83.35 14.68 1.33 0.57 
6 2.40 1.78 85.57 14.26 1.44 0.67 
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Figure 7.20. Secondary electron image of polished section of dry T-S sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.20. Microanalysis of phases found in dry T-S sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 1.47 2.10 94.88 19.69 1.82 0.52 
2 1.82 2.83 96.59 16.33 2.04 0.48 
3 2.08 1.70 90.07 22.25 1.97 0.52 
4 2.62 2.04 93.47 18.19 2.37 0.48 
5 2.16 1.79 88.83 19.83 2.65 - 
6 1.97 1.83 85.98 18.33 2.14 0.47 
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Figure 7.21. Secondary electron image of polished section of dry T-S sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.21. Microanalysis of phases found in dry T-S sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 6.58 1.64 77.70 13.39 - 0.51 
2 6.90 1.53 80.08 13.71 - 0.47 
3 6.43 1.62 76.12 12.22 - 0.48 
4 7.63 1.66 78.51 13.52 - 0.40 
5 7.33 1.74 77.70 11.82 - 0.42 
6 6.39 2.36 73.64 11.24 - 0.37 
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Figure 7.22. Secondary electron image of polished section of wet T-S sample at 7 days, 
with selected spectrums analyzed for EDS.  
 
 
Table 7.22. Microanalysis of phases found in wet T-S sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 2.29 1.83 90.56 17.76 1.91 0.43 
2 3.99 1.97 82.39 15.13 2.26 0.52 
3 2.24 1.87 88.89 20.43 1.23 0.57 
4 2.29 1.98 86.75 16.17 1.81 0.41 
5 2.75 1.87 91.82 17.29 0.99 0.43 
6 1.77 3.14 106.80 18.90 1.96 0.82 
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Figure 7.23. Secondary electron image of polished section of wet T-S sample at 28 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.23. Microanalysis of phases found in wet T-S sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 2.18 3.02 103.65 17.55 2.75 - 
2 2.09 2.53 80.93 12.55 2.55 0.29 
3 1.98 2.57 107.16 19.80 1.74 0.35 
4 1.55 2.66 111.10 20.32 2.97 0.40 
5 2.01 1.87 89.57 17.95 1.94 0.37 
6 2.22 2.29 89.45 14.93 2.90 0.34 
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Figure 7.24. Secondary electron image of polished section of wet T-S sample at 56 
days, with selected spectrums analyzed for EDS.  
 
 
Table 7.24. Microanalysis of phases found in wet T-S sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 3.80 3.10 87.71 18.46 2.21 0.41 
2 3.33 2.74 95.54 24.08 1.64 0.51 
3 3.88 3.19 93.17 15.69 2.39 0.43 
4 4.85 2.44 82.32 15.70 2.67 0.43 
5 3.80 2.44 97.13 21.42 1.36 - 
6 3.91 2.32 85.47 18.37 2.50 0.43 
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Figure 7.25. Secondary electron image of polished section of dry T25MK15Ca-S 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.25. Microanalysis of phases found in dry T25MK15Ca-S sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 6.30 16.76 51.49 12.80 0.61 0.45 
2 6.20 16.44 56.97 15.46 1.34 1.01 
3 5.88 14.34 56.67 16.51 0.76 0.47 
4 4.72 13.85 58.70 16.71 2.07 0.60 
5 4.93 16.48 61.38 17.91 0.75 0.69 
6 6.85 15.06 53.23 14.33 1.41 0.43 
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Figure 7.26. Secondary electron image of polished section of dry T25MK15Ca-S 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.26. Microanalysis of phases found in dry T25MK15Ca-S sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 8.09 16.91 56.63 17.08 0.83 0.58 
2 6.62 13.96 60.84 19.35 1.23 0.54 
3 6.69 17.44 56.61 16.80 0.91 0.63 
4 7.05 15.04 62.32 19.84 1.18 0.61 
5 6.44 16.08 63.69 17.39 0.98 0.92 
6 5.43 14.51 61.08 21.37 0.98 0.70 
 
 
 
      207 
 
Figure 7.27. Secondary electron image of polished section of dry T25MK15Ca-S 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.27. Microanalysis of phases found in dry T25MK15Ca-S sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 9.18 12.28 55.90 19.42 0.55 0.41 
2 8.91 12.85 51.96 16.76 0.61 0.33 
3 8.88 12.98 56.14 20.25 0.90 - 
4 9.14 13.55 53.80 16.10 0.99 0.43 
5 9.07 12.81 59.84 21.44 0.88 0.39 
6 8.10 12.56 56.65 18.39 1.53 - 
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Figure 7.28. Secondary electron image of polished section of wet T25MK15Ca-S 
sample at 7 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.28. Microanalysis of phases found in wet T25MK15Ca-S sample at 7 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.01 16.63 54.08 16.72 0.56 0.57 
2 0.58 4.84 24.43 50.90 1.38 - 
3 4.08 14.96 60.12 26.10 0.68 0.47 
4 4.65 14.93 56.39 20.55 0.76 0.40 
5 4.42 14.00 57.85 20.71 0.85 0.29 
6 0.39 4.50 21.50 57.20 1.16 - 
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Figure 7.29. Secondary electron image of polished section of wet T25MK15Ca-S 
sample at 28 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.29. Microanalysis of phases found in wet T25MK15Ca-S sample at 28 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.18 16.93 56.52 18.40 0.81 0.41 
2 4.70 14.02 55.82 18.43 0.63 0.41 
3 4.08 16.74 54.64 17.36 0.85 0.40 
4 5.07 16.59 63.75 21.16 0.93 0.40 
5 3.50 11.53 42.57 48.93 0.63 - 
6 3.32 13.43 56.18 21.80 0.56 0.31 
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Figure 7.30. Secondary electron image of polished section of wet T25MK15Ca-S 
sample at 56 days, with selected spectrums analyzed for EDS.  
 
 
Table 7.30. Microanalysis of phases found in wet T25MK15Ca-S sample at 56 days. 
 Composition (% by mass) 
Spectrum Na2O Al2O3 SiO2 CaO MgO K2O 
1 5.28 12.11 62.30 20.72 0.53 0.34 
2 5.70 13.23 63.26 21.41 1.74 - 
3 5.98 14.74 58.21 19.80 0.50 0.51 
4 7.16 10.56 53.68 21.65 - - 
5 6.47 15.51 56.16 18.85 0.90 0.41 
6 6.30 12.64 59.05 20.50 2.06 0.64 
 
 
